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iAbstract
Carbon cycling between the ocean and the atmosphere is an integral part of glacial to
interglacial climate change, the nature of trigger versus feedback mechanisms is however
a subject of ongoing debate. Atmospheric CO2 communicates with the marine carbon-
ate ion reservoir via air–sea equilibration, and glacial to interglacial CO2 fluctuations
are thus expected to be mirrored in seawater chemistry. In this thesis, the first records
of intermediate and deep water carbonate ion concentrations in the South Pacific were
generated in order to study carbon cycle dynamics throughout the past 30,000 years, a
time that is characterized by rapid environmental changes as the global climate transi-
tioned out of the last ice-age into the present warm interval, the Holocene.
Benthic foraminiferal B/Ca, an indicator of past seawater carbonate ion saturation is
the main paleoceanographic proxy that was used in this study. Analyses were primarily
carried out with Laser Ablation–ICP–MS and it was shown that this method is well
suited for trace element measurements on samples with low abundances of foraminiferal
shells. This represents an important step towards extending paleoceanographic proxy
coverage to regions that are characterized by low carbonate contents in sediments, such
as the Southern Ocean.
To enable an application of the B/Ca proxy in the Southern Ocean, an extension of the
existing global core-top calibration was necessary. The South Pacific core-top study that
was conducted as part of this thesis, included the species C. wuellerstorfi, C. cf. wueller-
storfi and C. mundulus. B/Ca in C. cf. wuellerstorfi, a C. wuellerstorfi morphotype that
is abundant in this region, shows the highest sensitivity to carbonate saturation changes
reported to date and is thus very suitable for B/Ca proxy studies. Trace element profiles
through C. wuellerstorfi and C. mundulus shells revealed an intra-shell B/Ca variability
of ±36 % around the mean value, and roughly inverse patterns of B/Ca and Mg/Ca,
suggestive of vital effects. The core-top study furthermore indicated that foraminiferal
B/Ca supplemented by δ13C can function as an indicator of water mass age and venti-
lation status and thus possibly be used as a non-conservative water mass tracer for the
past.
Down-core proxy studies carried out within the scope of this thesis were used to address
currently unresolved questions about the origin, mechanism and pathway of deglacial
CO2 release and to test the validity of model outputs aimed at explaining glacial to
interglacial CO2 fluctuations. For this purpose, B/Ca reconstructed carbonate ion con-
centrations were complemented by stable oxygen and carbon as well as radiogenic carbon
isotope data. Carbonate ion histories revealed a stepwise redistribution of old carbon
from deep to intermediate depths at the end of the Last Glacial, which represents an im-
portant precursor to deglacial CO2 release. 14C data of intermediate, deep and abyssal
waters furthermore indicated that the oldest glacial waters in the Southern Ocean occu-
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pied depths between 2000 and 3000 m, which were likely bathed by northern sourced Pa-
cific Deep Water at this time. The abrupt and stepwise deglacial increase in atmospheric
CO2 is mirrored in distinct CO2−3 –maxima at 835 m water depth, while carbonate ion
histories of deeper waters between 1390 and 2498 m are negatively offset from this trend.
Opposing deep and intermediate water carbonate ion histories throughout the deglacial
period do not follow model predictions that are based on the calcite compensation- and
rain-ratio-theories, however similar LGM and Early Holocene carbonate ion concentra-
tions in all cores can be explained in line with calcite compensation feedbacks. A close
correlation of carbonate ion concentrations at 1390 and 2498 m water depth throughout
the deglaciation, is interpreted in line with previous arguments for a shallower convec-
tion of Antarctic intermediate waters at this time. Extremely depleted Δ14C at 835 and
972 m water depth provide the first evidence of old carbon at intermediate depths in
the Southern Ocean, and thus substantiate arguments for an Antarctic origin of globally
distributed deglacial δ13C and 14C minima.
In combination with previously published records of Southern Hemisphere climate change
during the last glacial to interglacial transition, [CO2−3 ], δ13C and 14C histories of South
Pacific waters suggest the following scenario: Glacial carbon sequestration in the highly
stratified Southern Ocean likely occured within Pacific Deep Water and a gradual im-
provement of interior mixing during the LGM allowed a stepwise transfer of old carbon
towards shallower depth. Then starting at the glacial termination, enhanced upwelling
of deep waters close to the Polar Front released CO2 and this signal of carbon loss was
subsequently transmitted within a shallow layer of Antarctic sourced intermediate wa-
ters that subduct from the zone of air-sea equilibration and are exported throughout
the world ocean.
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Kurzfassung
Der Austausch von Kohlenstoff zwischen Ozean und Atmosphäre ist ein integraler Be-
standteil des Klimawandels von Kalt- zu Warmzeiten. Die Prinzipien von Ursache und
Wirkung sind in diesem Zusammenhang jedoch Gegenstand anhaltender Diskussionen.
CO2 in der Atmosphäre steht im Austausch mit dem marinen Karbonatsystem, daher
wird erwartet, dass sich glazial-interglaziale Schwankungen des atmosphärischen CO2–
Gehalts in der Chemie des Ozeans widerspiegeln.
Im Rahmen dieser Dissertation wurden erstmals Veränderungen in den Karbonationen-
Konzentrationen des Tiefen-und Zwischenwassers im Südpazifik über die letzten 30.000
Jahre rekonstruiert. Diesen Daten sollen ein besseres Verständnis des Kohlenstoffkreis-
laufs im Zusammenhang mit den globalen Klimaveränderungen, die während des Über-
gangs von der letzten Eiszeit zur heutigen Warmzeit (dem Holozän) auftraten, ermögli-
chen.
Dafür wurden hauptsächlich B/Ca–Verhältnisse in benthischen Foraminiferen, als Anzei-
ger für die Karbonationen-Sättigung des Meerwassers in der Vergangenheit verwendet.
Die Messungen wurden zum großen Teil an einem Laser Ablation–ICP–MS durchgeführt
und es hat sich erwiesen, dass diese Methode gut geeignet ist um Spurenelement-Gehalte
in Proben mit geringer Verfügbarkeit an benthischen Foraminiferen zu messen. Diese
Methode ermöglicht daher die Ausweitung paläo-ozeanografischer Untersuchungen auf
Gebiete mit Sedimenten die einen geringen Karbonatgehalt aufweisen, wie zum Beispiel
dem Südozean.
Um das B/Ca–Proxy im Südozean anwenden zu können, musste zunächst die Kali-
brierung angepasst werden. Die Untersuchung von südpazifischen Oberflächensedimen-
ten, die im Rahmen dieser Doktorarbeit ausgeführt wurde, beinhaltet die benthischen
Foraminiferenarten C. wuellerstorfi, C. cf. wuellerstorfi und C. mundulus. Die B/Ca–
Verhältnisse in C. cf. wuellerstorfi, einer im Südpazifik weit verbreiteten Morphoty-
pe von C. wuellerstorfi zeigen eine hohe Empfindlichkeit gegenüber Schwankungen im
Karbonat–Sättigungsgrad des Meerwassers. Diese Spezies is daher besonders geeignet
für B/Ca Proxy-Untersuchungen.Profilmessungen von Spurenelementgehalten zeigen ei-
ne natürliche B/Ca Variabilität von ±36 % in den Schalen von C. wuellerstorfi und
C. mundulus an und entgegengesetzte Muster von B/Ca und Mg/Ca weisen auf den
Einfluss von “vital-effects” hin. Darüber hinaus belegt die Oberflächensediment-Studie,
dass B/Ca zusammen mit δ13C Hinweise über Alter und Durchlüftung von Wasser-
massen gibt und daher möglicherweise als nicht-konservativer Wassermassen-Indikator
genutzt werden kann.
Die Proxy-Rekonstruktionen der Wassermassenchemie in der Vergangenheit, die im Rah-
men dieser Studie durchgeführt wurden, wurden genutzt um offene Fragen über Quellen,
Mechanismen und Pfade der deglazialen CO2 Ausgasung zu adressieren. Darüber hin-
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aus wurden diese Daten mit Ergebnissen von Modell-Läufen die glazial-interglaziale CO2
Schwankungen analysieren verglichen. Um diese Ziele zu verfolgen wurden rekonstruier-
te Karbonat-Ionen-Konzentrationen, durch Messungen von stabilen Sauerstoff-Isotopen
sowie radiogenen und stabilen Kohlenstoff-Isotopen ergänzt.
Veränderungen im Karbonationen-Haushalt des Südpazifiks belegen, dass gespeicherter
Kohlenstoff hier am Ende des letzten Glazials zwischen dem Tiefenwasser- und dem
Zwischenwasser-Stockwerk umverteilt wurde. Dies stellt einen wichtigen Präkursor der
deglazialen CO2 Entgasung dar. 14C Daten zeigen ferner, dass sich das älteste Was-
ser im glazialen Südozean zwischen 2000 und 3000 m Tiefe befand. Während dieser
Zeit wahrend diese Wassertiefen vermutlich von pazifischem Tiefenwasser, dass aus dem
Nordpazifik stammt beeinflusst.
Der abrupte und schrittweise deglaziale CO2 Anstieg in der Atmosphäre, spiegelt sich
in 835 m Wassertiefe in ausgeprägten [CO2−3 ]–maxima wider, während Karbonationen-
Konzentrationen von Wassermassen in 1390 und 2498 m Tiefe einen entgegengesetzten
Trend zeigen. Die gegensätzliche Entwicklung der Karbonationen-Konzentrationen des
Tiefen-und Zwischenwassers, die während des Deglazials zu beobachten ist, steht im
Widerspruch zu Vorhersagen die durch Modellrechnungen, basierend auf der “calcite
compensation”- und der “rain-ratio”-Theorie gemacht wurden. Ähnliche Karbonationen-
Konzentrationen während des letzten glazialen Maximums und des frühen Holozäns,
können hingegen mit Rückkopplungs–Mechanismen durch Karbonat–Kompensation er-
klärt werden.
Korrelierende Karbonatkonzentrationen in 1390 und 2498 m Wassertiefe im Deglazial
werden als Hinweis für eine flachere Zirkulation des Antarktischen Zwischenwassers in-
terpretiert. 14C Daten von 835 und 972 m Wassertiefe bieten den ersten Nachweis von
14C abgereichertem Kohlenstoff im Zwischenwasserstockwerk des Südozeans und unter-
stützen damit die Annahme, dass global verteilte deglaziale δ13C und 14C Minima einen
antarktischen Ursprung haben.
In Kombination mit bereits veröffentlichten Studien über den Süd-Hemisphären Klima-
wandel während des Übergangs von der letzten Eiszeit zur heutigen Warmzeit, legen die
rekonstruierten [CO2−3 ], sowie die δ13C und 14C-Daten aus dem Südpazifik das folgende
Szenario nahe.
Während des Glazials wurde Kohlenstoff im stark stratifizierten Südozean im Pazifi-
schen Tiefenwasser gespeichert und während des letzten Glazialen Maximums im Zuge
einer verbesserten Durchmischung schrittweise an darüberliegende Wasserschichten ab-
gegeben. Am Ende der Eiszeit führte erneuerter Tiefenwasserauftrieb in der Polarfront-
Region zur CO2 Entgasung und das Entgasungs-Signal wurde anschließend in einer
flachen antarktischen Zwischenwasserschicht, die von der Zone des Ozean-Atmosphären-
Austauschs abtaucht und durch den globalen Ozean exportiert wird, übertragen.
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1 Introduction 1
1. Introduction
1.1. Motivation
It is one of the fundamental ambitions of paleoceanographic research to enhance
our conceptual and quantitative understanding of glacial to interglacial climate
change. While it is established that carbon cycle dynamics play a pivotal role in
this context, the involved trigger and feedback mechanisms are highly complex
and not fully understood to date.
Observations of tightly coupled atmospheric CO2 concentrations and Antarctic
temperatures, as documented in ice-core records throughout the past 800 kyr
(Wolff et al., 2005; Lüthi et al., 2008), and results from numerous modelling stud-
ies (e.g. Sarmiento and Toggweiler, 1984; Sigman and Boyle, 2000; Köhler et al.,
2005) reveal a longterm link between Southern Hemisphere carbon cycle dynam-
ics and climate change. Seeing that the ocean is the largest carbon reservoir that
communicates with the atmosphere on glacial to interglacial timescales (Broecker,
1982b), it is evident that knowledge about past changes in the Southern Ocean car-
bonate system is essential for a more comprehensive view of past climate change.
In addition to that, the last deglacial period may provide a case study for present
man-made climate change. According to the 2007 report of the Intergovernmental
Panel on Climate Change, anthropogenic CO2 emissions have lead to a decrease in
ocean pH from 8.2 to 8.1, which is equivalent to a 30 % rise in ocean acidity. This
has potentially profound though not yet fully quantifiable effects on marine cal-
cifying organisms and the marine carbon cycle. Accordingly, information of how
increasing CO2 during the last Deglacial affected the inorganic carbon system in
the ocean will contribute to current modelling efforts aimed at predicting future
climate change and possible long-term effects of anthropogenic CO2 rise.
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1.2. The marine carbon cycle
Carbon exchange between ocean, atmosphere and sediments occurs primarily via
CO2 gas exchange, riverine input and CaCO3 burial in the ocean. The ocean
represents the largest carbon reservoir in this cycle, and thus oceanic carbonate
chemistry exerts a strong influence on the other two compartments (Fig. 1).
The inorganic carbon system in seawater is commonly described with the help of
two parameters, dissolved inorganic carbon (DIC) and total alkalinity (TA). While
DIC is simply the sum of inorganic carbon species in seawater (i.e. CO2, HCO−3 ,
CO2−3 ), TA is a more a complex entity that includes all the major ions in seawater
and keeps track of their charge balance (see Section 5.1 for a more comprehensive
definition).
OCEAN
surface 
deep 
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1,020 Pg C 
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40 96
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Figure 1: Simplified illustration of the marine carbon cycle, with carbon fluxes (in Pg
Carbon per year) and reservoir sizes (in Pg Carbon) according to Watson (2001).
Individual compartments of the marine carbon cycle interact on different timescales
and with varying fluxes (Fig. 1). On a global scale, and at timescales of 100 kyr and
longer, seawater inventories of DIC and TA are primarily governed by the species
composition in rivers. On glacial/interglacial timescales, i.e. 1000s to 10.000s of
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years, additional control is exerted by the balance between CaCO3 burial and dis-
solution in the ocean as well as on-land weathering rates. On timescales of oceanic
circulation (≤ 1000 years), the internal oceanic distribution of DIC and TA is
mainly modified by the biological and solubility pumps (Emerson and Hedges,
2008; Fig. 2 a). The solubility pump mechanism mediates the exchange of CO2
TA (m
m
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DIC (mmol*kg-1)
2.45
2.40
2.35
2.30
1.95 2.05 2.152.0 2.1
CaCO3 dissolution
CaCO3 formation
CO2 invasion
CO2 release
Photosynthesis
Respiration
pH
[C
O 2
]
8
8.2 8
11
20
7.8
15
30
11
15
8
a b
Figure 2: Processes governing the inorganic carbon system in seawater. a) The three
main oceanic carbon pumps responsible for carbon exchange between the ocean and
the atmosphere. Illustration taken from Solomon et al. (2007). b) Effect of carbon
exchange processes on DIC and TA in the ocean. Levels of constant pH and [CO2]
are indicated by dashed and solid lines, respectively. Redrawn after Zeebe and Wolf-
Gladrow (2001). POC= particulate organic carbon, DIC= Dissolved Inorganic Carbon,
TA= Total Alkalinity.
between atmosphere and surface ocean. CO2 is more soluble in cold and fresh
than in warm and saline waters, hence the solubility pump works more effective
in high latitude oceans as opposed to equatorial regions. CO2 uptake and release
have no influence on TA, but affect DIC (Fig. 2b).
The biological pumps regulate the exchange of carbon between atmosphere and
surface ocean as well as in the ocean interior. In the surface ocean, CO2 and
nutrients are consumed during photosynthesis, accordingly lowering surface ocean
DIC/[CO2] and slightly raising TA and pH. This process forms part of the organic
carbon pump and leads to a drawdown of CO2 from the atmosphere.
The CaCO3 counter pump works in the opposite direction. Calcification of shell-
building organisms consumes Ca2+ and CO2−3 , thus decreasing TA and DIC.
This raises [CO2] in the surface ocean, promoting CO2 release to the atmosphere
(Fig. 2). CaCO3 and particulate organic carbon (POC), the products of calcifi-
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cation and photosynthesis, are eventually exported from the surface into the ocean
interior. Here, they are either preserved in the sediment or dissolved/remineralized,
and ultimately brought back into contact with the atmosphere via upwelling.
CaCO3 dissolution releases both TA and DIC, thus effectively lowering atmo-
spheric CO2 in upwelling regions, while the organic carbon that is set free during
remineralization/respiration leads to CO2 degassing (Fig. 2). At the globally av-
eraged export ratio of organic to inorganic carbon of 4:1, an equilibrium between
CO2 drawdown and outgassing is maintained (Zeebe and Wolf-Gladrow, 2001).
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1.3. Glacial to Interglacial Climate change and the role of the
Southern Ocean
The last Glacial to Interglacial transition was marked by rapidly and stepwise
changing Antarctic temperatures and atmospheric CO2 concentrations, which were
accompanied by a contemporaneous decrease in atmospheric Δ14C (see Fig. 25a,
d). During the first part of the Deglacial, i.e. between 17.5 and 14.5 ky, CO2
rose halfway back to its interglacial level while atmospheric Δ14C underwent a
significant decline of 190±10 ‰ (Parrenin et al., 2013; Reimer et al., 2009). This
period is often referred to as the Mystery Interval (MI), a term first coined in2006
by George Denton, Wallace Broecker and Richard Alley.
SAF
PF
Ross Sea
Amundsen
Sea
LGM PF
West 
Antarctica
East 
Antarctic
Plateau
NZ
S
 A
m
er
ic
a Southern Ocean
Au
str
alia
Figure 3: Map of Antarctica and the Southern Ocean, showing the modern position of
the Polar and Subantarctic Fronts (SAF in yellow, PF in solid red) according to Orsi
et al. (1995) as well as the likely position of the Polar Front during the Last Glacial
Maximum (LGM, dashed red line) as reconstructed by Gersonde et al. (2005). Map
generated with Ocean Data View (ODV; Schlitzer, 2012). NZ= New Zealand.
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While rising atmospheric CO2 concentrations and declining Δ14C can be satisfac-
torily explained with a deglacial release of old carbon from a deep ocean reservoir
that was isolated from communicating with the atmosphere during the Glacial
and thus experienced gradual 14C depletion, direct evidence of an abyssal glacial
carbon reservoir that could quantitavely explain these observations, is still absent.
A drop of 0.3±0.05 ‰ in atmospheric δ13C during the MI (see Fig. 25a), visible
in a recently published high resolution record from Schmitt et al. (2012), has been
interpreted as new evidence for the outlined theory, seeing that an aged glacial
water mass, i.e. the old carbon reservoir, would carry a depleted 13C signature
due to progressive organic matter remineralization, which would accordingly be
transferred to the atmosphere during the Deglacial. However, despite ongoing re-
search efforts, the location and extent of the old carbon reservoir and the pathway
of deglacial CO2 release, continue to be subjects of intense debate, and the term
Mystery Interval hence remains appropriate.
Nevertheless, several model studies were able to quantitatively explain glacial-
interglacial CO2 fluctuations through a combination of changes in physical prop-
erties, circulation, biogeochemistry and deep ocean carbonate compensation of the
Southern Ocean (e.g. Archer et al., 2000; Sigman and Boyle, 2000; Köhler et al.,
2005). The available paleoceanographic evidence moreover suggests that Southern
hemisphere (SH) climatic conditions and Southern Ocean circulation were indeed
favourable to enhanced drawdown and deep ocean sequestration of CO2 during
the Last Glacial, and CO2 release during the Deglacial.
According to an extensive Southern Ocean study of siliceous microfossil abun-
dances, the position of the Antarctic Polar Front, delineating the maximum winter-
sea ice extent was displaced northwards by 7 to 10 degrees during the Last Glacial
Maximum (LGM, Fig. 3). This corresponds to a ∼100 % increase in sea-ice cover
compared to the present (Gersonde et al., 2005) and would have likely affected
the Subantarctic Front accordingly. In combination with sea-ice induced surface
stratification (François et al., 1997), this severely limited deep water upwelling
south of the Polar Front and hence deep ocean-atmosphere exchange. Stable car-
bon and oxygen isotopes reveal that the Southern Ocean was the source of the
oldest (Curry et al., 1988), most dense (Zahn and Mix, 1991) and saltiest (Adkins
et al., 2002) waters in the LGM deep ocean, thus providing a likely candidate for
an old carbon reservoir. A pronounced chemical gradient between intermediate
and deep Southern Ocean waters during glacial periods has been documented in
numerous studies (e.g. Hodell et al., 2003; Charles et al., 2010; Ziegler et al., 2013)
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and would have restricted mixing between a potential deep ocean carbon reservoir
and overlying water masses, thus effectively sequestering CO2. It was furthermore
suggested that glacial sea-ice expansion resulted in a northward movement of the
SH westerlies (Thiede, 1979) so that the windpath lay over the major SH dust
sources in the Subantarctic Zone (north of the SAF), which is supported by ob-
servations of increased glacial dust fluxes throughout the past four million years
(Martinez-Garcia et al., 2011). A coupling of dust-borne iron input and ocean
surface productivity in the Subantarctic Southern Ocean over the last Glacial cy-
cle has been interpreted in terms of a more efficient biological pump during cold
periods, caused by micronutrient fertilisation (Martinez-Garcia et al., 2009; Sig-
man et al., 2010). In addition to that, lower sea surface temperatures (Gersonde
et al., 2005) in sea-ice free regions north of the Polar Front would have amplified
the strength of the solubility pump, facilitating increased CO2 drawdown from the
atmosphere.
Recent work on an ice-core from the West Antarctic Ice Sheet, thought to re-
flect marine influences more closely than ice-core records from the East Antarctic
plateau (Fig. 3), revealed that high latitude warming in the SH began as early as
22 ky ago (WAIS Divide Project Members, 2013). This predates both the rapid
decrease in Atlantic meridional overturning circulation, considered to be a poten-
tial trigger of the last glacial to interglacial transition (McManus et al., 2004) and
the onset of the rapid deglacial temperature rise reconstructed from East Antarctic
ice-cores (Epica Community Members, 2006) at ∼18 ky. Collins et al. (2012) doc-
ument beginning sea-ice retreat before 22 ky in the South Atlantic, while sea salt
sodium concentrations in the West Antarctic Ice Sheet, indicative of both sea ice
extent and atmospheric circulation in the Amundsen and Ross Seas (Fig. 3), begin
to decline around 20 ky (WAIS Divide Project Members, 2013). Observations of
slowly increasing opal fluxes in the Polar Frontal Zone (between the PF and the
SAF) of the South Pacific starting at ∼25 ky (Chase et al., 2003; see Fig. 25e),
may indicate a gradual re-initiation of deep water upwelling. These developments
appear to be important precursors to the deglacial atmospheric CO2 rise, seeing
that they reflect the removal of physical boundaries that were likely causing deep
ocean isolation and carbon sequestration during the Glacial. Coeval with the ini-
tial atmospheric CO2 rise, opal fluxes in the Pacific, Indian and Atlantic sectors
of the Southern Ocean increase significantly (Chase et al., 2003; Anderson et al.,
2009; Jaccard et al., 2013), and together with a possible southward shift of the SH
westerlies (Lamy et al., 2007), this has been interpreted as a sign that at this time
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old carbon-rich deep waters were brought back into contact with the atmosphere
via intensified upwelling close to the Polar Front (Anderson et al., 2009). In addi-
tion to that, increasing deglacial SH sea surface temperatures (e.g. Pahnke et al.,
2003; Kaiser et al., 2005; Sikes et al., 2009) and a less efficient biological pump,
caused by a sharp decline in dust fluxes (Martinez-Garcia et al., 2009; Sigman
et al., 2010), would act to decrease CO2 uptake in the Southern Ocean.
The combined evidence from paleoceanographic data and modelling results pro-
vides ample support for the notion that the Southern Ocean is not only a key
component of the global climate system, but played an active role during the
transition from the Last Glacial into the Deglacial (Fischer et al., 2010).
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1.4. Scientific Objectives
It is the key objective of this study to improve current understanding of carbon
cycling between the ocean and the atmosphere and its role in glacial to interglacial
climate change. In this aspect, the importance of Southern Ocean carbon cycle
dynamics has been established, however constraints from paleoceanographic data
are scarce from this region.
Important open questions in this context are:
• How are glacial to interglacial changes in atmospheric CO2 concentrations
mirrored in seawater carbonate chemistry?
• What are triggers and what are feedback mechanisms?
• Are model predictions about the link between the deep ocean carbonate
system and atmospheric CO2 accurate?
• Where was carbon stored during glacials and which pathway did it follow
during deglacial release?
In order to address these questions, constraints on oceanic carbon system pa-
rameters for the past are needed. The B/Ca proxy, developed by Jimin Yu and
Henry Elderfield (2007) provides a promising opportunity to reconstruct carbon-
ate ion concentrations in seawater from benthic foraminiferal shells.
In this study, the B/Ca proxy was applied in order to generate a dataset of car-
bonate ion concentration changes in intermediate and deep waters in the Pacific
Sector of the Southern Ocean over the past 30 kyr. The chosen study location
close to New Zealand, is connected to sites of deep and intermediate water mass
formation, which represent an interface for carbon exchange between the surface
ocean and the atmosphere as well as within the ocean and is thus ideally suited
to study carbon cycling during climate transitions. However, reconstructing car-
bonate ion concentrations in South Pacific waters for the past has so far been
challenged by the scarcity of carbonate-rich sediments in this area. In addition to
that, the global B/Ca core-top calibration of Yu and Elderfield (2007) does not
include sites from the Southern Ocean and only a few locations from the Pacific,
which are restricted to the equatorial region.
Accordingly, an extension of the global core-top calibration to the Pacific sector of
the Southern Ocean represents another major objective of this work besides being
necessary to achieve the key objective outlined above.
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1.5. Thesis Outline
In the introductory part of this thesis, an overview of the marine carbon cycle and
the role of the Southern Ocean during glacial to interglacial transitions is given.
Following this, the modern oceanography of the South Pacific with a focus on the
New Zealand region, i.e. the study area, will be outlined in Section 2. This contains
an account of important frontal systems and ocean currents that are affecting the
studied core sites, and a comprehensive overview of the attendant water masses
and their characteristics. A description of regional seawater carbonate chemistry
and primary productivity, along with an explanation of important terminology are
given to provide a basis for the discussion of carbon cycle dynamics in the Results
section (5) of this thesis.
In Section 3, the sample material and the approach that was derived based on the
availability of measurable material will be described.
Proxy methods and their paleoceanographic information content as well as the
analytical techniques that were applied in this study will be detailed in Section 4.
The major findings of this PhD work will be presented in Section 5, in the form
of three manuscripts.
Manuscript I (published as a book chapter in Earth System Science: Bridging
the Gaps Between Disciplines, SpringerBriefs in Earth System Sciences, 2012):
The inorganic carbon system in the deep Southern Ocean and glacial-
interglacial atmospheric CO2.
This manuscript is meant to give an introduction into the Pacific Ocean carbon
cycle and addresses two eminent theories that have been proposed to explain
glacial to interglacial CO2 fluctuations, i.e. the calcite compensation theory and
the rain ratio hypothesis. Here, preliminary findings of deep and intermediate wa-
ter carbonate ion concentrations are discussed within the framework of modelling
approaches, to assess whether predictions made by the aforementioned theories
can be confirmed with paleoceanographic data. The age model used in this pub-
lication will be described in Appendix A.1.
Manuscript II (published in Climate of the Past Discussions, 105, 2013):
The B/Ca proxy for past seawater carbonate chemistry reconstructions-
laser ablation based calibrations for C. mundulus, C. wuellerstorfi, and
its morphotype C. cf. wuellerstorfi.
This article presents the first core-top B/Ca calibration for the South Pacific
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Ocean, and the first overall calibration for C. cf wuellerstorfi, a morphotype of C.
wuellerstorfi that is abundant in the South Pacific and suitable for carbonate ion
reconstructions. Measurements were carried out with laser ablation, to overcome
low shell availability, a frequent problem in Southern Ocean sediment samples,
and to study trace elemental trends throughout foraminiferal tests.
Manuscript III (in preparation for submission to Nature):
Origin and pathways of old carbon during the past 30 kyr–new evidence
from the Southern Ocean.
B/Ca down-core results are discussed together with stable and radiogenic carbon
isotope data (partly from T. Ronge) within the framework of changing atmo-
spheric CO2, δ13C, and Δ14C over the past 30 kyr, to address open questions
about carbon redistribution between the ocean and the atmosphere in this time-
frame. In order to explore potential locations of the glacial old carbon reservoir
as well as deglacial CO2 release pathways, B/Ca and Δ14C records from a number
of authors and various locations are discussed together with own data from the
South Pacific. For this publication, previously established age models for down-
core records PS75/100-4 and 103-1 were revised to incorporate additional records.
The finalized stratigraphy is outlined in the supplementary material to Manuscript
III. While subdividing textual structures are not common for articles published
in Nature, subsections for Introduction, Results/Discussion and Conclusions are
used in Manuscript III for the purpose of this thesis. The contribution from own
data and data from T. Ronge to this manuscript will be outlined in section 6.
Section 6 is meant to give a synthesis of major research outcomes of this study in
reference to current knowledge of the climate system, and includes perspectives
for future work.
The Appendix contains details on additional procedures and calculations as well
as the matter of data handling.
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2. Oceanography of the study site
Figure 4: Circulation and δ13C distribution in the Southern Ocean, modified after
Charles and Fairbanks (1992). Water mass transport throughout the Southern Ocean is
maintained predominantly by the wind-driven Antarctic Circumpolar Current (ACC).
The most depleted δ13C values und thus lowest ventilation rates in the world ocean are
found in the Pacific.
The Southern Ocean is connected to the Atlantic, Pacific and Indian Oceans and
extends from the Antarctic coast to the Subtropical Front (Figs. 4, 5). It serves as
a key area for water mass exchange between all ocean basins, redistributing heat,
nutrients and other properties on a global scale. An estimated 55 to 60 % of the
global oceanic volume is cooled around Antarctica before being exported north-
wards (Gordon, 1988), ventilating much of the intermediate and abyssal depths of
the world ocean.
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2.1. Frontal systems and currents
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Figure 5: View of the study area, showing a) the South Pacific and b) a close-up of
the New Zealand region, depicting the pathways of the ACC and DWBC as well as the
position of cores that were used for down-core proxy measurements (yellow filled circles).
The position of ocean fronts is sketched according to Orsi et al. (1995). Map views
were generated in ODV (Schlitzer, 2012). STF= Subtropical Front, SAF= Subantarctic
Front, PF= Polar Front, NZ= New Zealand, ACC= Antarctic Circumpolar Current,
DWBC= Deep Western Boundary Current.
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The wind-driven Antarctic Circumpolar Current (ACC, Figs. 4, 5), extending
between the Subantarctic Front (SAF) and the Polar Front (PF), transports a
water mass mix consisting predominantly of North Atlantic Deep Water (NADW)
and Indian Ocean and Pacific deep waters throughout the Southern Ocean (Mat-
sumoto et al., 2001).
In the New Zealand region, the bathymetry of the submerged microcontinent and
its bordering plateaus exerts a strong control over the flowpaths of currents and
the position of fronts (Fig. 5). South of New Zealand, the ACC joins the Deep
Western Boundary Current (DWBC), which represents the single largest inflow
of cold deep waters into the Pacific (Warren, 1973). The DWBC flows along
the southeastern New Zealand continental margin, underneath the ACC. At the
southern edge of the Bounty Trough, the ACC begins to flow eastward, crossing
the Southern Ocean, while the DWBC continues northward within the Pacific at
depths between ∼2000 and 5000 m (Whitworth et al., 1999). The Subantarctic
Front (SAF), separating Subantarctic from Circumpolar Surface Waters (SAW,
CSW) is deflected south along the Campbell Plateau. The Subtropical Front
(STF), dividing cool, nutrient-rich, lower salinity SAW from warm, nutrient de-
pleted and highly saline Subtropical Water (STW), follows the continental margin
around the South Island and then turns east along the Chatham rise (Figs. 5, 6).
Both the SAF and the PF are associated with important water mass formation
regions.
2.2. Characteristics and circulation of important water masses
Subantarctic Mode Water (SAMW), considered to be a component or important
precursor of Antarctic Intermediate Water (Toggweiler et al., 1991), is formed het-
erogeneously around Antarctica, north of the SAF. Besides its main origin in the
Southeast Pacific (Spero and Lea, 2002), it is also formed southeast of New Zealand
and thus upstream of the studied core locations (Sallée et al., 2010; Figs. 5b, 6).
SAMW subducts to intermediate depths between ∼300 and 700 m and spreads
partly northward immediately above AAIW, and partly eastward within the ACC
(McCave et al., 2008).
While it has been observed that Antarctic Intermediate Water (AAIW) is formed
within the Polar Frontal Zone between PF and SAF (e.g. Sallée et al., 2010;
Hasson et al., 2012), the formation process is still debated, as has been recently
summarised by Bostock et al. (2013). AAIW experiences cross-frontal mixing
(Matsumoto et al., 2001) and subducts heterogeneously around Antarctica (Has-
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Figure 6: Salinity profile along 170◦ W (WOCE profile P15, depicted by a yellow
line in Fig. 5b), showing major water masses and the depth distribution of studied
sediment cores. Yellow filled circles indicate cores that were used for down-core proxy
measurements, while empty circles depict multi-corer sediments that were used for core-
top calibrations. STW= Subtropical Water, SAW= Subantarctic Surface Water, CSW=
Circumpolar Surface Water, AAIW= Antarctic Intermediate Water, UCDW= Upper
Circumpolar Deep Water, LCDW= Lower Circumpolar Deep Water, PF= Polar Front,
SAF= Subantarctic Front, STF= Subtropical Front.
son et al., 2012), to reach depths between ∼700 and 1450 m (McCave et al., 2008).
AAIW is defined by a salinity minimum (34.3–34.5 ‰), and has a temperature
range of 3–7 ◦C. After subduction, AAIW flows east within the ACC and enters
the adjacent subtropical gyres to spread northward (Bostock et al., 2013). Partic-
ularly strong northward AAIW flow has been reported between 170◦ W and the
East Pacific Rise at ∼110◦ W (Reid, 1997; Sloyan and Rintoul, 2001), with AAIW
extending to 15◦ S (Tomczak and Godfrey, 1994). In the New Zealand region,
the Chatham Rise represents a significant barrier to the northward propagation of
AAIW that is only periodically overcome by shoaling and upwelling over the 500
m deep Mernoo Saddle (Heath, 1981, 1985). AAIW south of the Chatham Rise
is derived directly from its southern origin, while AAIW to the north enters the
region from the western South Pacific via the Coral and Tasman Seas (Tomczak
and Godfrey, 1994; Stanton, 2002). Thus, northern and southern AAIW exhibit
slightly different properties, with the northern component being warmer and more
saline (Stanton, 2002).
Circumpolar Deep Water (CDW) directly underlies AAIW and shows variable in-
fluences of all major deep water masses. South of the PF, it ascends and mixes
with Antarctic surface waters, thereby losing heat and salinity before subducting
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again to contribute to freshly formed Antarctic bottom and intermediate waters.
In the New Zealand region, CDW consists of two layers. Upper CDW (UCDW),
extends between 1500–2500 m, and has a temperature and salinity range of 1.8–
3 ◦C and 34.5–34.7 psu, respectively (Carter and Mccave, 1997). It contains a
regional Oxygen Minimum Zone, and has a variable mixing history with NADW,
AABW, subtropical Indian waters, and Pacific Deep Water (PDW) (Oppo et al.,
1990; Charles and Fairbanks, 1992). Lower CDW (LCDW) is the primary water
mass that is transported in the DWBC. It occupies depths below 2500 m and
comprises two zones. Upper LCDW contains a high proportion of NADW that
is mirrored in a salinity maximum (>34.7 psu). It extends between ∼2500 and
3800 m and deepens towards the north. Below ∼3800 m, lower LCDW contains
a mixture of newly formed, cold, and fresh Antarctic Bottom Water (AABW)
and NADW and thus shows lower salinities and temperatures than upper LCDW
(Hayward et al., 2010).
Pacific Deep Water (PDW) is the globally largest deep water mass and as such
represents an important carbon reservoir. It enters the Southern Ocean from the
north and isopycnally mixes with the ACC at its boundary where it is entrained
into UCDW. It is characterized by low oxygen and high nutrient concentrations
(Matsumoto et al., 2002).
Antarctic Bottom Water is derived from upwelled CDW that is cooled and sub-
ducted south of the Polar Front, in the Ross and Weddell Seas, and along the
Adelie coast. It flows mainly westward, and occupies depths below 4000 m in the
South Pacific. AABW is characterized by extremely low temperatures (-0.5–0.4
◦C) and is further distinguished from LCDW by lower salinities and higher oxygen
concentrations.
2.3. Carbonate chemistry
The South Pacific currently acts as a sink for CO2. Studies by Sabine et al. (2004)
and Sandrini et al. (2007) revealed the influence of anthropogenic CO2 in AAIW
and a component of AABW, respectively. Both water masses are formed at the
surface close to Antarctica and then exported into the ocean interior, thus affecting
the inorganic carbon chemistry of intermediate and abyssal reaches.
Pronounced variations in Holocene deep ocean carbonate chemistry and the calcite
compensation and lysocline depths between different SW Pacific basins have been
documented by Bostock et al. (2011).
The calcite compensation depth (CCD) is the depth where the flux in CaCO3
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Figure 7: Carbonate ion concentrations of major water masses in the New Zealand
region, shown along profile P15 as indicated in Fig. 5b. Data were taken from Key
et al. (2004). Regional lysocline and calcite compensation depths drawn according to
Milliman et al. (1999) and Bostock et al. (2011), respectively.
equals the rate of dissolution (Takahashi and Broecker, 1977), which theoretically
implies that there is no accumulation of CaCO3 below the CCD. However, the
CCD presents as a gradual transition rather than a sharp boundary and is thus
arbitrarily defined as the depth where the CaCO3 content of a sediment is below
20 wt%, due to dissolution (Broecker and Peng, 1982a).
The lysocline marks the horizon in which the ocean becomes undersaturated in
CaCO3. Seeing that CaCO3 becomes more soluble with decreasing temperatures
and rising pressure, progressive dissolution of calcitic shells is primarily a feature
of increasing water depth. Deep water circulation and currents as well as the
CaCO3:Corg rain rate exert additional control over the CCD and the lysocline
depth (Broecker and Peng, 1982a; Archer, 1996; Feely et al., 2004).
The regional average CCD in the SW Pacific lies at ∼4800 m. South of the
Chatham Rise, the CCD is at a similar depth (∼4600 m), while NE of New Zealand
it is much shallower at ∼4000 m (Bostock et al., 2011). Rapid decrease of calcite
concentrations, associated with the lysocline, begins below 4300 m SE and below
4000 m NE of New Zealand (Milliman et al., 1999). This is directly related to
the complex bathymetry of this region and its effect on the circulation of UCDW
and LCDW, two water masses with distinctly different carbonate ion signatures.
Carbonate ion concentrations are highest in LCDW, likely mirroring the influence
of NADW, while UCDW has much lower [CO2−3 ], due to its percentage of corrosive
PDW. Today, the influence of PDW is strongly visible to the north of Chatham
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Rise, while only a small proportion of PDW is mixed into UCDW south of the
Chatham Rise (Fig. 7). Despite favourable conditions for carbonate preservation,
Bostock et al. (2011) found anomalously low CaCO3 % in deep sea sediments east
of New Zealand and in particular south of the Chatham Rise, which are likely due
to both the input of terrigenous material and the influence of the DWBC.
2.4. Surface productivity and particulate matter export
a b
Figure 8: Surface indicators of biological productivity in New Zealand waters: a)
seasonal and average chlorophyll-a concentrations (Thomas and Franz, 2005); b) mean
annual phosphate concentrations (Garcia et al., 2006). Figure modified after Hayward
et al. (2010).
The production of biomass in the surface ocean and subsequent export to the
ocean interior represent the primary food supply for benthic foraminifera.
Oceanic fronts are often associated with increased marine primary production
and concurrent nutrient depletion in surface waters. In the New Zealand region,
chlorophyll-a levels, an indicator for surface productivity, are higher in waters
around the STF than in attendant water masses, with the highest levels found in
STW north of the Chatham Rise (Fig. 8a). Surface concentrations of phosphate,
an important nutrient, are accordingly low in STW and higher in SAW (Fig. 8b).
This is also mirrored in annual organic carbon fluxes estimated at 1000 m depth
on the slopes of the Chatham rise, wich are 7.5 g/m2*yr on the northern and 1.8
g/m2*yr on the southern flank (Nodder and Northcote, 2001). Overall these rates
are moderate to low in comparison to global rates.
Chlorophyll-a levels and sediment trap studies (Nodder and Northcote, 2001) re-
veal pronounced seasonality, with the highest levels of surface productivity and
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organic matter export during spring (Fig. 8a). During other seasons, primary
production in STW is co-limited by nitrate and light, while in SAW light, silicate
and iron are the limiting factors (Boyd et al., 1999).
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3. Sample material and study approach
The sediments investigated in this study were retrieved during RV Polarstern
cruise ANT-XXVI/2 (Gersonde, 2011) and RV Sonne cruise SO213/2 (Tiedemann,
2012). Coordinates and water depths of the studied locations are given in Tables 1
and 2.
Piston cores PS75/100-4, 103-1 and 104-1, raised from the southern slope of the
Chatham Rise (East of New Zealand, Fig. 5b) from depths of 835 m, 1390 m, and
2489 m were used for downcore proxy measurements (Manuscripts I and III).
Multicorer samples PS75/099-1, 100-1, 101-2, 104-2, 105-1, SO213/58-1, 59-1, 63-
1, 68-1, 78-1, 79-1 and 81-1 were used for the B/Ca core-top study (Manuscript II).
Core-top samples stem from various locations in the Pacific Sector of the Southern
Ocean and represent a water depth range between 670 and 3940 m (Figs. 6, 18).
Sediment inspection revealed that last Glacial to Holocene benthic foraminiferal
assemblages in cores PS75/100-4, 103-1 and 104-1 are dominated in large parts by
endobenthic taxa, most abundantly Uvigerina peregrina and Trifarina spp. The
epibenthic fauna consists predominantly of Cibicides spp.
The main focus of this study lies on the reconstruction of past deepwater carbon-
ate ion concentrations, by application of the foraminiferal B/Ca proxy developed
by Yu and Elderfield (2007). Based on a global core-top study, Yu and Elder-
field (2007) provide species specific calibrations for calcitic foraminifera species
Cibicides wuellerstorfi, Cibicides mundulus, Uvigerina spp., and sensitivities of
B/Ca on Δ[CO2−3 ] in these species are given as 1.14, 0.69, and 0.27 μmol/mol per
μmol/kg, respectively. The observed species-specific sensitivities may in part re-
flect the influence of different habitats. While C. wuellerstorfi lives epibenthic to
elevated epibenthic, C. mundulus occasionally lives shallow infaunal, and Uvige-
rina spp. lives exclusively within the sediment (Lutze and Thiel, 1989; Rathburn
and Corliss, 1994). Seeing that pore waters tend to equilibrate with CaCO3 at
subsurface depths, ambient bottom water [CO2−3 ] are expected to be most faith-
fully recorded by epibenthic species like C. wuellerstorfi.
However, owing to the low availability and occasional absence of monospecific
Cibicides shells in our samples, an initial twofold approach was devised in order
to obtain continuous B/Ca down-core records. B/Ca ratios in the more abundant
species Uvigerina spp. were analysed with the conventional wet-chemical approach,
requiring at least 10 individuals per sample, while monospecific samples of Cibi-
cides were measured via laser ablation, a technique specifically suited to analyse
small amounts of sample material (see Sections 4.1 and 5.2 for further discussion).
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Initial results showed that reconstructions based on Uvigerina spp. yielded overall
much lower carbonate ion concentrations than reconstructions based on monospe-
cific Cibicides from surrounding sediments. After discussion with Jimin Yu and
Henry Elderfield, a consensus was reached that the potential of Uvigerina spp. for
past ocean [CO2−3 ] reconstruction is severely limited, hence the initial approach
was abandoned.
As mentioned previously, C. wuellerstorfi and C. mundulus are not continuously
present in the studied down-core material, however Cibicides cf. wuellerstorfi, a
C. wuellerstorfi morphotype, was found to be more abundant in South Pacific sed-
iments (this study; T. Ronge and B. Hayward, pers. comm.). Paired analyses in
C. wuellerstorfi and C. cf. wuellerstorfi revealed morphotype specific variations in
B/Ca. In order to allow a complementation of down-core [CO2−3 ] records, an indi-
vidual core-top calibration was established for C. cf. wuellerstorfi (Manuscript II).
Moreover, seeing that the global core-top calibration by Yu and Elderfield (2007)
includes only a few locations in the Pacific Ocean, all of them in the equatorial
region, calibrations for C. wuellerstorfi and C. mundulus were extended to the
South Pacific within the framework of this study.
In the following, a short description of the Cibicides species that were used for
core-top calibrations in Manuscript II and down-core analyses in Manuscript I and
III will be given.
Cibicides wuellerstorfi (Schwager 1866)
C. wuellerstorfi (Fig. 9a), the most widely used Cibicides species for paleoceano-
graphic purposes, have moderate to large tests with almost circular to heart-
shaped outlines. Their shells are planoconvex, with clearly visible, strongly curved
sutures on both sides. The umbilical side shows a fine perforation, while pores on
the spiral side are coarse. Tests have a small aperture, that is peripheral lipped
and extends to the spiral side. Around New Zealand, C. wuellerstorfi are found in
moderate numbers between 400 and 3000 m water depth (Hayward et al., 2010).
Cibicides dispars s.l. (d’Orbigny 1839)
Hayward et al. (2010) summarised variable recent plano-convex Cibicides mor-
phologies as C. dispars (Fig. 9b), which are also sometimes referred to as C. cf.
wuellerstorfi (Hayward, pers. comm.). The species is characterized by a trocho-
spiral shell, with a flat to gently convex or gently concave spiral side and a convex
umbilical side. Sutures on the umbilical side are curved back to meet the acute
periphery. Other characteristics differ between definitions due to the broad view
that is taken on C. dispars. The specimens that were analysed in this study, have a
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Figure 9: Umbilical, apertural and spiral views of a) Cibicides wuellerstorfi, b) Cibi-
cides dispars and c) Cibicides mundulus. Images for a) and b) were taken from Hayward
et al. (2010), c) is from Holbourn and Henderson (2002).
flat spiral side that is heavily perforated and resembles C. wuellerstorfi, and thus
the name C. cf. wuellerstorfi was adopted. The umbilical side shows no pores
under the REM, the umbilicus is flat and sutures are slightly depressed. C. cf.
wuellerstorfi are cosmopolitan, and occur in moderate to large numbers around
New Zealand at all depths from the inner shelf to the lower abyssal zone (Hayward
et al., 2010).
Cibicides mundulus (Brady, Parker and Jones 1888)
C. mundulus (Fig. 9c) are moderate to large and biconvex in form and have a
subacute periphery. Chambers on both sides are slightly inflated. The coarsely
perforate spiral side has relatively narrow chambers and depressed sutures that are
only slightly curved. On the finely perforated umbilical side, sutures are even to
slightly depressed. The aperture is small and peripheral (Holbourn and Hender-
son, 2002). Around New Zealand, C. mundulus occur in small numbers between
50 and 4500 m water depth (Hayward et al., 2010).
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4. Proxies and Analytical techniques
Prior to analysis, all samples were freeze-dried, weighed, and subsequently washed
through a 63 μm sieve. The remaining coarse fraction was then oven-dried at 50
◦C and weighed again to obtain the dry weight of the coarse fraction. Following
this, samples were dry-sieved into 63-125 μm, 125-250 μm, 250-315 μm and 315-
500 μm fractions. Foraminifera for stable isotope and trace element analyses were
picked from the 250-315 and 315-500 μm fractions.
4.1. Carbonate system parameter reconstruction-foraminiferal
B/Ca
The reconstruction of past changes in the inorganic carbon system in seawater
(Fig. 10) has long been a major objective within the paleoceanographic commu-
nity. For this purpose, a number of different methods have been developed that
can be grouped into dissolution-based, theory-based, and empirical relationship-
based proxies.
Studies of foraminiferal shell weight, normalized shell weight, foraminiferal assem-
blages, and CaCO3 mass accumulation rates are examples of dissolution based
approaches (e.g. Archer, 1991; Barker and Elderfield, 2002; Anderson and Archer,
2002; Coxall et al., 2005). These studies are however limited to water masses in
proximity to the lysocline and are further complicated by post-burial carbonate
dissolution within the sediment, leading to results that may reflect pore water- and
not necessarily bottom water-corrosiveness (Archer, 1991; Emerson and Bender,
1981).
Previous research into empirical relationships between trace element to Calcium
ratios in foraminiferal shells and carbonate ion concentrations in seawater was
focused mainly on Mg/Ca, (e.g. Elderfield et al., 2006; Rosenthal et al., 2006),
Zn/Ca, and Cd/Ca (e.g. Marchitto et al., 2002, 2005). The correlation between
Mg/Ca and [CO2−3 ] that has been described for some benthic species (e.g. C.
wuellerstorfi, Uvigerina spp.) is often complicated by an additional temperature
effect (Lear et al., 2002; Martin et al., 2002). A serious limitation of foraminiferal
Zn/Ca and Cd/Ca as recorders of carbonate ion concentrations is the observed
insensitivity at high degrees of calcite saturation (Δ[CO2−3 ]) (Yu and Elderfield,
2007).
The theory-based boron isotope (δ11B) proxy has been successfully applied to re-
construct past ocean pH in a number of studies (e.g. Sanyal et al., 1995; Foster,
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2008; Hönisch et al., 2008; Yu et al., 2010; Rae et al., 2011), however uncertainty
about the appropriate isotopic fractionation factor between B(OH)3 and B(OH)−4
for paleo-pH estimates presents a significant complication with this proxy (Pagani
et al., 2005; Klochko et al., 2009).
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Figure 10: The inorganic carbon and borate systems in seawater, governed by equilib-
rium reactions between carbonate, borate and water species. CO2 dissolves in seawater
and reacts to forms bicarbonate (HCO−3 ) and carbonate (CO2−3 ) ions. The borate ion
(B(OH)−4 ) is derived from the reaction between boric acid (B(OH)3) and water. Car-
bonate and borate ions can be substituted in foraminiferal calcite.
The equilibrium distribution of borate and boric acid, the two boron species that
exist in seawater (Fig. 10), is described as follows:
B(OH)3 + H2O ⇀↽ B(OH)−4 + H+.
Seeing that, pH= -log10([H+]), the influence that the borate/boric acid ratio exerts
on pH is evident. It is assumed that borate and carbonate ions compete for the
same lattice site during calcification (Spivack and Edmond, 1987; Hemming and
Hanson, 1992) and can be substituted as follows:
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CaCO3 + B(OH)−4 ⇀↽ Ca(HBO3) + HCO−3 + H2O.
However, Klochko et al. (2009) found similar amounts of B(OH)3 and B(OH)−4 in
biogenic calcite via nuclear magnetic resonance measurements. They nevertheless
argue that it is unlikely that all of the B(OH)3 has entered the crystal lattice
directly from seawater and that the observed B(OH)3/B(OH)−4 distribution might
rather result from conversion of borate into boric acid during mineralization. Such
a process might involve boron isotope fractionation, which would further compli-
cate the application of foraminiferal δ11B as a proxy for paleo pH. Based on the
borate/carbonate substitution equation given above, the apparent partition coef-
ficient (KD) between calcium carbonate and seawater is defined as:
KD =
⎡
⎢⎣
(
HBO2−3
CO2−3
)
CaCO3(
B(OH)−4
HCO−3
)
seawater
⎤
⎥⎦
The term CO2−3 can be replaced by Ca2+, because of their similar molar ratio in
CaCO3, giving:
KD =
⎡
⎢⎣ (B/Ca)CaCO3(
B(OH)−4
HCO−3
)
seawater
⎤
⎥⎦
A quantification of KD would thus allow for straightforward calculation of the bo-
rate to bicarbonate ratio in seawater from foraminiferal B/Ca. Yu and Elderfield
(2007) showed however that KD in benthic foraminifera is variable between species
and shows rather large within species-ranges on top of being different between
ocean basins. They found no significant and coherent relationships between KD
in benthic foraminifera and hydrographic parameters, rendering a quantification
impossible. Hence an empirical approach was used to study relationships between
benthic foraminiferal B/Ca and carbonate system as well as hydrographic parame-
ters. B/Ca co-varies with pH, DIC and BWT to varying degrees in different ocean
basins, the overall most significant and globally robust correlation was however
found between B/Ca and Δ[CO2−3 ] (Yu and Elderfield, 2007). Recognizing species
specific ranges of B/Ca, Yu and Elderfield (2007) established individual core-top
calibrations for C. wuellerstorfi, C. mundulus, Uvigerina spp. and Hoeglundina el-
egans. In addition to interspecies B/Ca differences, intra-shell variability in B/Ca
and Mg/Ca was observed in C. wuellerstorfi and C. mundulus (Raitzsch et al.,
2011; Kersten et al., 2013) (see also Section 5.2, Fig. 22), suggesting the influence
of vital effects. Erez (2003) reports that foraminifera actively decrease Mg/Ca
at the site of calcification while simultaneously raising pH (Bentov et al., 2009;
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deNooijer et al., 2009), which leads to an increase in [B(OH)−4 ] and [CO2−3 ] (see
Section 5.1, Fig. 14). High B/Ca ratios would accordingly correspond with low
Mg/Ca ratios. Indeed, C. wuellerstorfi and C. mundulus show an inverse distri-
bution of Mg/Ca and B/Ca throughout their shells (see Fig. 22). Increasing B/Ca
and decreasing Mg/Ca from the oldest towards the youngest chambers (more sig-
nificant in C. mundulus) are in line with findings by Ni et al. (2007) who show that
foraminiferal growth is likely accompanied by changing calcification rates. Even
though foraminifera control their internal fluid composition at calcification sites
(Bentov and Erez, 2006), the robust correlation between foraminiferal B/Ca and
seawater Δ[CO2−3 ] indicates that the seawater environment is mirrored in their
shell chemistry. Post mortem effects on B/Ca, such as dissolution, appear un-
likely, as indicated by paired analyses of Rose Bengal stained (i.e. recently live)
and unstained C. mundulus and C. wuellerstorfi which show similar B/Ca ratios
(Yu and Elderfield, 2007).
4.1.1. B/Ca based down-core Δ[CO2−3 ] reconstruction
Based on the long residence time of B in seawater of 14–20 Myr (Lemarchand et al.,
2000; Spivack and Edmond, 1987), it is assumed that down-core carbonate ion
concentration reconstructions are possible at least throughout the Pleistocene. In
this study all down-core Δ[CO2−3 ] reconstructions are based on mean sample B/Ca,
which were calculated from averaged spot measurements per shell. Species and
morphotype specific core-top calibrations for C. wuellerstorfi, C. cf. wuellerstorfi,
and C. mundulus were applied as shown in Manuscripts II and III (Section 5).
Past carbonate ion concentrations of deep and intermediate waters were derived
from
[CO2−3 ] = Δ[CO2−3 ] + [CO2−3 ]sat.
[CO2−3 ]sat, the carbonate ion concentration at saturation is influenced by tem-
perature, salinity, and pressure, which in sum have a negligible effect on B/Ca
on glacial to interglacial timescales (Yu and Elderfield, 2007). Accordingly, pre-
industrial [CO2−3 ]sat values were calculated from ANT-XXVI/2 and SO213 cruise
data (Gersonde, 2011; Tiedemann, 2012) and where not available estimated from
nearby GLODAP stations (Key et al., 2004), and used for downcore [CO2−3 ] cal-
culations.
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4.1.2. The laser ablation method
B/Ca ratios reported in the following were obtained with a Laser Ablation-Inductively
Coupled Plasma-Mass Spectrometer (LA-ICP-MS, Fig. 11). LA-ICP-mass spec-
trometry is a micro-analytical technique designed to obtain a large range of ele-
ment concentrations in solid samples and to detect element variability within sam-
ples. Compared to solution based trace element ICP-MS ana-lyses, LA-ICP-MS
measurements require very little sample material and virtually no pre-treatment,
because surface contaminations can be removed by pre-ablating samples prior to
analysis. The laser ablation method is thus ideally suited for trace element analy-
ses in samples with little measurable material. In the sample chamber, the sample
ICP-MS
Laser Control 
PC
MS Control PC
Camera
Excimer 
Laser
Sampling 
Interface
ICP
torch
Plasma
Figure 11: Instrumental setup of a Laser Ablation-Inductively Coupled Plasma-Mass
Spectrometer (LA-ICP-MS) system. Illustration modified after Raitzsch (2008).
is mounted onto a stage that can be moved in x, y and z direction, allowing for
target definition (via the coupled camera) and laser focussing. The sample cham-
ber is flooded with Helium and a pulsed laser beam ablates the sample surface.
The resulting aerosol is transferred out of the sample chamber with a carrier gas
(a mix of Helium and Argon) into the ICP torch. Inside the torch, sample par-
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ticles are ionized by a 6000 ◦C hot Argon plasma and then sucked into the mass
analyser by a high powered vacuum. Ions are separated according to their atomic
mass, and abundances are measured in counts per second (cps). Ion abundances
in cps are converted into concentrations (in μmol/mol) with the help of external
standards with well-established concentrations, such as the NIST standard series
(silicate glass standards) and an internal standard allowing for normalization to
Calcium, with a known concentration of 40 wt %.
B/Ca analyses were carried out at the Geomar Helmholtz Centre for Ocean Re-
search Kiel, Germany, using a 193 nm Excimer laser ablation system (Coherent,
GeoLasPro) coupled to a double-focusing, high-resolution magnetic sector mass
spectrometer (Nu Instruments, AttoM). Standard ablation was carried out with
90 μm beam diameter, 10 Hz frequency, and 450 shots. Samples were ablated with
50 shots with 90 μm beam diameter at 2 Hz. Signals were calibrated against NIST
615 (Jochum et al., 2011), which out of the NIST standard series most closely ap-
proximates the foraminiferal B/Ca range.
Instrumental settings of ICP-MS analyses on Uvigerina spp. that were carried out
in Bremen, are given in Appendix A.3.
4.2. Stable carbon and oxygen isotopes
Stable isotope geochemistry and its application in Earth Sciences go back to Harold
Urey, who predicted and then studied the temperature dependence of isotopic
fractionations in natural substances. He was the first to realize that geological
information can be derived from the isotopic composition of matter (Urey, 1947).
Today, oxygen and carbon stable isotopic ratios in foraminiferal calcite are the
most widely used proxies within the field of paleoceanography.
The oxygen isotopic composition of foraminiferal shells is determined by the δ18O
of ambient seawater. During calcification, a temperature dependent isotopic frac-
tionation takes place, and thus foraminiferal δ18O can be used to infer past sea-
water temperatures. Seawater δ18O is governed by global ice-volume and the local
or regional river input as well as the balance of evaporation and precipitation over
surface waters. Foraminiferal δ18O can thus also be used as an indicator of past
sea level changes (related to ice-volume) and salinity.
This study is focused on carbon cycle dynamics and thus discusses mainly benthic
foraminiferal δ13C. The stable carbon isotopic composition of benthic foraminiferal
calcite has found widespread use as a nutrient and water mass tracer, because it
is a function of deep water δ13CDIC . An equilibrium relationship with little frac-
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Figure 12: Exchange and isotopic fractionation of δ13C among atmosphere, ocean and
land. Values for δ13C (in ‰) were taken from Emerson and Hedges (2008).
tionation between δ13C of CaCO3 in foraminifera and the DIC of ambient water
from which they calcify exists (Duplessy et al., 1984). Deep water δ13C in turn is
controlled by photosynthesis, organic matter decomposition, air-sea gas exchange,
and thermohaline circulation (e.g. Duplessy et al., 1984; Curry et al., 1988; Lynch-
Stieglitz et al., 1995). The initial δ13C of surface water is set by the degree of air-sea
gas exchange which is in turn a function of sea surface temperature. The higher
the temperature, the less carbon isotope fractionation between surface water DIC
and atmospheric CO2 occurs and the less CO2 is taken up into the water column.
CO2 is more soluble in cold water, thus a larger thermodynamic effect on δ13CDIC
has to be considered in high-latitude oceans.
Stable carbon isotope variations are however most importantly caused by biologi-
cal processes. Marine phytoplankton preferentially take up the light isotope during
photosynthesis, organic matter is thus depleted in 13C, leaving the surface water
relatively enriched in 13C. Seeing that surface waters or mode waters eventually
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cool and sink to form deep water masses, it is evident that the initial δ13CDIC of
deep water masses is strongly dependent on the efficiency of nutrient utilization
within the photic zone. At present, the biological pump is strongest in the low
latitude oceans, i.e. nutrients such as phosphate are used up in the surface layer,
and 13C depleted organic matter is produced and subsequently exported to the
ocean interior, where it eventually remineralizes, thus releasing regenerated nutri-
ents into the water column. In general, high productivity leads to a pronounced
δ13C gradient between surface and deep water masses.
The Southern Ocean is presently characterized as a high nutrient-low chlorophyll
region. Here, phosphate concentrations in the upper ocean are comparatively high,
due to incomplete nutrient utilization by marine phytoplankton that is inhibited
in growth, resulting from Fe limitation. Hence, less 13C depleted biomass is sink-
ing into the ocean interior, and δ13C gradients between upper and interior ocean
are minimal in areas with poor nutrient utilization. Associated deep water masses
are accordingly rich in preformed (i.e. not utilized) nutrients.
After the initial δ13C signature of deep water is formed, a second effect comes
into play. Water masses that are closed off from exchange with the atmosphere
experience an ageing effect, that is associated with progressive decomposition of
organic matter enriched in 12C resulting in decreasing δ13C. Thus, the lower the
δ13C of a given water mass, the higher the ventilation age.
Interpretation of benthic foraminiferal δ13C as a nutrient tracer and ventilation
age indicator is complicated by secondary factors which were extensively reviewed
by Mackensen and Bickert (1999) and shall be summarized in short here. The
core issue is whether foraminiferal δ13C consistently and accurately reflect seawa-
ter δ13C.
Firstly, coeval epi- and infaunal species show distinctive δ13C offsets (Fig. 13),
with endobenthic genera such as Uvigerina being influenced by higher Corg con-
tents in the sediment and thus showing lower δ13C (Schmiedl and Mackensen,
2006) than epifaunal species, such as C. wuellerstorfi. Secondly, the phytodetri-
tus or so-called Mackensen effect can produce negative δ13C shifts in epibenthic
foraminifera in regions with high seasonal productivity changes where organic mat-
ter is rapidy deposited (Mackensen et al., 1993). A phytodetritus layer covering
the sediment surface facilitates the formation of a steep δ13C gradient (Billett
et al., 1983; Lampitt, 1985), comparable to δ13C gradients observed within the
sediment (Fig. 13). Moreover, abundant food supply supports benthic biologi-
cal production, hence peak calcification activity occurs during times of high δ13C
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gradients, introducing a productivity related bias into sample δ13C (Mackensen
and Bickert, 1999). Thirdly, the carbonate to bicarbonate ion ratio (driving pH)
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Figure 13: Stable carbon isotopic offsets (in ‰) between bottom water and porewater
and habitat depths of benthic foraminifera Cibicides wuellerstorfi, Uvigerina peregrina,
Melonis barleanum and Globobulimina affinis. Modified after Schmiedl and Mackensen
(2006).
influences δ13C (as well as δ18O) because CO2−3 is enriched in 12C and 16O, due
to the fact that heavier isotopes tend to concentrate in molecules with the most
numerous/strongest bonds (i.e. HCO−3 ). This theoretically leads to decreasing
δ13C and δ18O with increasing pH, based on the associated shift to higher CO2−3 -
concentrations (Section 5.1, Fig. 14). Culture experiments on planktic foraminifera
by Spero et al. (1997), delivered experimental proof for the carbonate ion effect.
The effect on benthic foraminifera has not been adressed in culture studies, yet.
Field studies however show a divergence of 0.2–0.5 ‰ in δ13C in shallow infaunal
species due to changing pore water alkalinity/ [CO2−3 ] (Schmiedl and Mackensen,
2006; Mackensen and Licari, 2004). Seeing that changes in pH and [CO2−3 ] are most
pronounced within the upper centimeters of deep sea sediments, it is expected that
epibenthic foraminifera show less of a carbonate ion effect than shallow infaunals
(Jahnke et al., 1994).
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In Manuscript III, stable carbon isotopes were used to constrain glacial to inter-
glacial carbon redistribution between deep and intermediate water masses in the
Southern Ocean.
4.2.1. Stable isotope analyses
Stable isotope analyses were carried out at the Alfred-Wegener-Institute, using
Finnigan MAT 253 and MAT 251 isotope ratio mass spectrometers which are cou-
pled to automatic carbonate preparation devices Kiel II and Kiel IV, respectively.
Both stable isotope ratios are analysed simultaneously and reported as permil
deviations, δ, from the Vienna PeeDee Belemnite (VPDB) standard. They are
calculated as follows:
δsample =
⎡
⎣
(
heavy isotope
light isotope
)sample(
heavy isotope
light isotope
)
V PDB
− 1
⎤
⎦ × 1000
Long-term precision on both machines, as inferred from repeat measurements of
an internal laboratory standard (Solnhofen limestone) is better than 0.06 ‰ for
δ13C and 0.08 ‰ for δ18O.
Isotope ratios of δ13C and δ18O were measured primarily on monospecific sam-
ples of benthic foraminifera C. wuellerstorfi, C. cf. wuellerstorfi and C. mundulus
(2–4 individuals). In sections without sufficient epibenthic specimens, endoben-
thic species Uvigerina peregrina and Trifarina spp. (3 individuals) were analysed.
Offset corrections between these species that were applied in order to produce
composite stable isotope records are given in Appendix A.4.
4.3. Radiocarbon
While the stable isotopic composition of oxygen and carbon provide useful infor-
mation about the pathways of these elements between different reservoirs, mea-
surements of radiogenic carbon add a temporal dimension to the associated ex-
change processes. Planktic foraminiferal 14C measurements are widely used for
stratigraphic purposes. But more importantly for this study, the gradient be-
tween atmospheric, upper ocean and deep ocean 14C can also be used as a proxy
for water mass age and carbon sequestration in the ocean.
Radiogenic carbon is produced by cosmic rays in the stratosphere and rapidly
mixed throughout the atmosphere in oxidised form (14CO and 14CO2). Photo-
synthetic CO2 uptake and air-sea gas exchange introduce 14C into the ocean. Af-
ter incorporation into foraminiferal calcite, decay begins once the organism dies.
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Based on the known half life (Libby half life= 5568 yr), raw 14C ages can thus be
calculated from foraminiferal 14C. However, when inferring a calibrated calendar
age from a raw radiocarbon age, a reservoir offset has to be considered. This
is caused by the kinetically limited exchange rate between atmospheric CO2 and
ocean DIC, and a variable dilution effect due to mixing between surface and 14C
depleted deep waters. Consequently, reservoir ages differ between regions, with
depth, and throughout time. Because of the difficulty to constrain local reservoir
ages for the past, the global mean reservoir age of 400 yr is often added to the
radiocarbon age of a sample (Bard, 1988; Hughen et al., 2004). Nevertheless, the
variability of reservoir ages has to be considered when interpreting causal relation-
ships based on 14C reconstructions. Changes in the global 14C production, due to
sunspot activity and changes in the Earth’s magnetic field, are another source of
uncertainty for accurate age determination and isotope balance calculations. The
past atmospheric radiocarbon content is empirically determined from 14C mea-
surements in materials of known age, e.g. tree rings and various marine archives
(Reimer et al., 2009) and used to calibrate raw radiocarbon ages.
In this study, benthic-atmospheric 14C offsets were used to reconstruct the venti-
lation history of intermediate to abyssal water masses in relation to glacial to in-
terglacial carbon redistribution between the ocean and the atmosphere (Manuscript
III ).
Radiocarbon activities were measured by direct counting of individual 14C atoms
in graphitisized samples in Accelerator Mass Spectrometers (AMS). 14C analy-
ses on two samples from core PS75/104-1 were carried out at BETA Analytic
in Florida, USA. Planktic samples consisted monospecifically of Globigerina bul-
loides while a mix of Cibicides spp. and Uvigerina spp. was picked for the benthic
fraction. Measurements on cores PS75/100-4, SO213-84-1 and 76-2 (Data from
T. Ronge, used in Manuscript III) were performed at the National Ocean Science
AMS Facility in Woodshole, USA.
4.4. X-ray fluorescence
X-ray fluorescence (XRF) is a non-destructive analytical technique designed to
provide continuous high resolution records of chemical characteristics in sediment
cores. Archive halve surfaces of split cores were cleaned and covered with a 4 μm
thin SPEXCerti Prep Ultralene® foil to avoid contamination and then scanned
at the Alfred-Wegener-Institute using an Avaatech XRF Core Scanner at a step
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width of 1 cm. Element abundances were measured with a current of 1 mA and
intensities of 10 kV (Al, Si, P, S, Cl, K, Ca, Ti, Cr, Mn, Fe, Rh), 30 kV (Cu, Zn,
Ga, Br, Rb, Sr, Y, Zr, Nb, Mo, Pb, Bi) and 50 kV (Ag, Cd, Sn, Te, Ba).
XRF records were used primarily for stratigraphic purposes.
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Abstract After a brief introduction into the marine carbon cycle, the calcite com-
pensation theory and the rain-ratio hypothesis, two theories that may explain glacial
to interglacial changes in atmospheric CO2 concentrations are presented. The validity
of these theories in the Southern Ocean is tested with B/Ca-reconstructed carbonate
ion concentrations of deep and intermediate waters. Deglacial [CO2−3 ] excursions re-
veal a close relationship between changes in the oceanic inorganic carbon system and
atmospheric CO2, which follow the predictions of the calcite compensation theory on
glacial-interglacial timescales. Short-termed [CO2−3 ] variations are likely due to the in-
fluence of the biological pump and/or changes in circulation patterns.
5.1.1. Introduction
ice-core records reveal a fluctuation of roughly 100 ppmv in atmospheric CO2
concentrations from glacials (low CO2) to interglacials (high CO2) during pre-
industrial times (Fischer et al., 2010). There is no broadly accepted explanation
for this yet. It has been recognized however, that the deep ocean regulates the car-
bon exchange between the geosphere, hydrosphere and atmosphere on timescales
of thousands of years. Changes in the deep ocean carbon inventory are hence con-
sidered to be potential primary drivers of past atmospheric CO2 variations during
glacial/ interglacial cycles (Broecker and Peng, 1987).
When describing the inorganic carbon system in the seawater, two quantities are
of fundamental importance: dissolved inorganic carbon (DIC) and total alkalinity
(TA). DIC is defined as the sum of all inorganic carbon species in the water, i.e.
DIC=[CO2](aq) + [HCO−3 ] + [CO2−3 ],
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where [CO2](aq) is the concentration of carbon dioxide in aqueous solution. Alka-
linity as a parameter is more complex and can be described as a measure of the
charge balance in seawater or to put it more specifically, it is the excess of bases
over acids in a mixed electrolyte solution (Emerson and Hedges, 2008).
TA= [HCO−3 ] + 2[CO2−3 ] + [B(OH)−4 ] + [H3SIO−4 ] + [HPO2−4 ] + 2[PO4−3 ] +
[OH−] - [H+] - [HSO−4 ] - [HF] - [H3PO4]
The three inorganic carbon species introduced above represent roughly 99 % of
TA and are thus the most important acid-base pairs contributing to the seawater
pH buffering system (Emerson and Hedges, 2008). At the present average pH
of surface water (pH= 8.2), [HCO−3 ]:[CO2−3 ]:[CO2](aq) have abundances of roughly
90:9:1 (Fig. 14).
Several theories attempt to explain the interaction between inorganic carbon
species in the ocean and atmospheric CO2 on glacial-interglacial timescales. Two
of these theories and their key arguments will be discussed here. The calcite com-
pensation theory predicts CO2−3 - (carbonate-ion) levels during glacials to be sim-
ilar to (or lower than) interglacial ones (Broecker and Peng, 1987). A conceptual
model for deep Pacific [CO2−3 ] (Marchitto et al., 2005) demonstrates that excess
CO2 addition to the deep ocean (i.e. removal from the atmosphere) at the onset of
glacials results in a pH decrease and thus a deep ocean [CO2−3 ] and TA:DIC drop
(see Fig. 14). Due to the ocean being more acidic, CaCO3 dissolution is enhanced
which raises TA:DIC in a 2:1 ratio until the system reaches a new steady state.
As stated above, the steady state glacial [CO2−3 ] equals the interglacial level pro-
vided the fluvial TA input and the global oceanic CaCO3 precipitation rates do
not change (Keir, 1988).
Then, starting at the Glacial termination, CO2 is removed from the deep ocean
by stratification breakdown and upwelling of deep waters in the Southern Ocean
(SO) (e.g. Fischer et al., 2010), and once again added to the atmosphere. This is
accompanied by a deep ocean [CO2−3 ] excursion, which according to model stud-
ies, lasts on the order of thousands of years before returning to a steady state
(e.g. Broecker and Peng, 1987; Keir, 1988). Model results show that CaCO3
compensation alone could explain roughly 30 % of the glacial-interglacial CO2
fluctuation (Köhler et al., 2005).
On the other hand, the rain ratio hypothesis (Archer and Maier-Reimer, 1994)
states that a change in the ratio between organic to inorganic carbon (Corg:CaCO3)
that is transported from the surface layer towards depth ("rain") could potentially
decouple CaCO3 preservation from [CO2−3 ]. This is due to the fact that organic
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Figure 14: Concentrations of carbonate, borate and water species in seawater versus
pH at average salinity (S= 35 psu) and temperature (T= 20 ◦C). Modified after Emerson
and Hedges (2008).
matter degradation and CaCO3 dissolution have different effects on DIC and TA.
The conceptual model of Marchitto et al. (2005) urges for a glacial increase in
Corg:CaCO3 that would result in enhanced dissolution of carbonate sediments,
raise TA and [CO2−3 ] and thus explain the drop in atmospheric CO2. When deep
water [CO2−3 ] is high enough to counteract dissolution (at least 50 μmol/kg higher
than today), a steady state is reached. At the end of the glacial, the model pre-
dicts that the rain ratio would sink again, coeval with CO2 release.
A key argument of both theories is that glacial-interglacial CO2 fluctuations are
predominantly related to changes in deep-ocean [CO2−3 ]. Due to the calcite over-
saturation of the upper ocean, it can be assumed that [CO2−3 ] changes there are
of only minor importance (Marchitto et al., 2005).
5.1.2. Objective/ Study Area/ Materials and Methods
In order to test the theories outlined above, knowledge about past deep ocean
CO2−3 -concentrations is needed. Marine sediments represent an essential archive
of past climate conditions and allow to reconstruct changes in the carbonate ion
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Figure 15: Two views of the study area with position of studied cores: a) map view
with bathymetry and oceanographic features and b) GLODAP salinity (in Practical
salinity Units) profile along 175◦ W (Key et al., 2004). The modern position of water
masses is sketched. SAW= Subantarctic Water, AAIW= Antarctic Intermediate Water,
CDW= Circumpolar Deep Water. The modern position of the Subtropical Front (STF)
according to Orsi et al. (1995), is indicated in red.
signatures of different water masses over time. This study was carried out in
the Southern Ocean (SO), a key area for water mass exchange between all world
oceans. The importance of this region with respect to the carbon cycle is demon-
strated by a high correlation between Antarctic temperature and atmospheric CO2
concentrations that is documented for the past 800.000 years (Fischer et al., 2010).
We present results from two cores that were retrieved from the slope of Chatham
Rise (East of New Zealand), during Polarstern cruise ANT-XXVI/2 (Fig. 15 a).
Cores PS75/100-4 and PS75/103-1 stem from 2498 m and 1390 m water depth,
respectively. Sediments from the deeper core were bathed by Circumpolar Deep
Water (CDW), while samples from the shallower core are assumed to predom-
inantly reflect the influence of Antarctic Intermediate Water (AAIW) (Fig. 14
b). In order to reconstruct [CO2−3 ] changes in CDW and AAIW since the Last
Glacial Maximum (LGM), benthic foraminifer species Cibicides wuellerstorfi and
Cibicides cf. wuellerstorfi were picked and analysed for their B/Ca ratios on a HR-
LA-ICP-MS (High Resolution-Laser Ablation-Inductively Coupled Plasma-Mass
Spectrometer) at the Geomar Helmholtz Centre for Ocean Research Kiel.
Yu and Elderfield (2007) documented a linear relationship between benthic foramini-
feral B/Ca and deep water Δ[CO2−3 ] (degree of calcite saturation). Following their
5 Results 39
approach, past deep water [CO2−3 ] was reconstructed with:
[CO2−3 ] = Δ[CO2−3 ] + [CO2−3 ]sat,
where [CO2−3 ]sat is the carbonate ion concentration at saturation. [CO2−3 ]sat was
calculated with CO2sys (Pierrot and Wallace, 2006). Required input parameters
(TA, DIC, [Si], [P], temperature, salinity and pressure) were taken from ANT-
XXVI/2 cruise-data (T.-S. Rhee, pers. comm.) and, where not available, esti-
mated from nearby GLODAP sites (Key et al., 2004).
5.1.3. Results/ Discussion
Reconstructed deep water [CO2−3 ] for PS75/100-4 and PS75/103-1 are shown
for the past ∼25 kyr in comparison to atmospheric CO2 (Monnin et al., 2006)
(Fig. 16). During this interval, carbonate ion concentrations range from -3.3 to
68.6 μmol/kg in core PS75/100-4 and between 13.5 and 54.5 μmol/kg in core
PS75/103-1. Overall, foraminiferal B/Ca and accordingly reconstructed deep wa-
ter [CO2−3 ] appear to be highly variable on short timescales. Raitzsch et al. (2011)
documented a heterogeneous distribution of Boron in foraminiferal shells which
might be due to ontogenetic effects. Despite this intra-shell variability, they find
a linear correlation between B/Ca and the degree of deep water calcite saturation
in agreement with previous studies (e.g. Yu and Elderfield, 2007).
Note, that the LGM as indicated by benthic δ18O, appears slightly later in core
PS75/100-4 than in PS75/103-1. This might be an effect of age-model uncertain-
ties and can hopefully be resolved with additional δ18O data. Trends in the data
can nevertheless be reliably interpreted. There are two peaks in the CDW core
between 25 and 19 ky BP (before present), which likely reflect internal mecha-
nisms, such as deep-sea CaCO3 dissolution events, seeing that atmospheric CO2
concentrations stayed constant throughout this time. Both excursions are tran-
sient and CO2−3 concentrations decrease towards a steady state that is stable for
4 kyr and 2 kyr respectively (see Fig. 16), periods from ∼25 to 21 ky BP and
between ∼17.5 and 15.5 ky BP). In the shallower core, a drop in [CO2−3 ] around
20 ky BP from relatively constant levels can be observed. This negative excursion
appears to be roughly coeval with the [CO2−3 ] peak in PS75/100-4, an indication
that deep and intermediate water mass histories were decoupled during this time.
When the deglacial CO2 rise begins around 17 ky BP, [CO2−3 ] in the deeper core
remains in a steady state until roughly 15.5 ky BP, when it shows an initial in-
crease. Conversely, [CO2−3 ] reconstructed from PS75/103-1 rises until roughly 17
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Figure 16: Reconstructed [CO2−3 ] and mixed benthic δ18O for PS75/100-4 and
PS75/103-1 for the past ∼25 kyr. Error bars contain analytical uncertainty (2σ) and the
intercept range of the reconstruction equation (Yu and Elderfield, 2007). Atmospheric
CO2 from EPICA DOME C (EDC1 timescale) is given for comparison Monnin et al.
(2001). The approximate interval of the LGM is shaded in grey.
ky BP, when a transient decrease is observed. The different response time in both
cores might be another reflection of temporarily divergent AAIW and CDW ven-
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tilation histories.
It has been argued, that the deep SO was less well ventilated during the Last
Glacial (Hodell et al., 2003), effectively impeding exchange between the ocean
and the atmosphere and thus reducing atmospheric CO2 (Köhler et al., 2005).
Stable carbon isotope data from Elmore et al. (pers. comm.) reveal, that deep
water near New Zealand remained least well ventilated until well after the LGM,
whereas ventilation ages of the shallower AAIW and SAMW decrease dramatically
at this time. We thus argue that longterm trends in our data can be explained
in line with the calcite compensation theory (Broecker and Peng, 1987), seeing
that both cores show deglacial [CO2−3 ] peaks. Calcite compensation tends to bring
carbonate ion concentrations back to their initial values, which explains the tran-
sient nature of the deglacial [CO2−3 ] rise. Several negative and positive excursions
occur throughout the past ∼15 kyr, possibly mirroring changes in the efficiency
of the biological pump (Sigman et al., 2010) and/or water mass reorganization.
Superimposed on these effects, calcite compensation drives the system towards
enhanced CaCO3 dissolution or preservation until [CO2−3 ] equal to LGM values
are reached again during the Holocene.
5.1.4. Outlook
Analysis of core-top samples, will provide insights into the most recent evolution of
carbonate ion concentrations in AAIW and CDW, enabling us to directly compare
[CO2−3 ] reconstucted from foraminiferal B/Ca with in-situ measurements. Single
species δ18O measurements are needed to refine the age-model and thus allow
a time-sensitive interpretation of deep and intermediate water [CO2−3 ] changes
relative to atmospheric CO2 concentrations. Stable carbon isotopes measured on
the same samples, will be used to further constrain water mass histories in the
study area, in order to test wether and during which interval AAIW was decoupled
from underlying CDW.
5 Results 42
5.2. The B/Ca proxy for past seawater carbonate chemistry
reconstructions-laser ablation based calibrations for
C. mundulus, C. wuellerstorfi, and its morphotype
C. cf. wuellerstorfi
F. Kersten1∗, R. Tiedemann1, J, Fietzke2 and M. Frische2
1Alfred Wegener Institute for Polar and Marine Research, Bremerhaven, Germany
2GEOMAR Helmholtz Centre for Ocean Research, Kiel, Germany
∗Corresponding Author: Franziska.Kersten@awi.de
Published in Climate of the Past Discussions, 105, 2013
Abstract B/Ca ratios in Cibicides mundulus and Cibicides wuellerstorfi have been
shown to correlate with the degree of calcite saturation in seawater (Δ[CO2−3 ]). In the
South Pacific, a region of high importance in the global carbon cycle, these species are
not continuously present in down-core records. Small numbers of epibenthic foraminifera
in samples present an additional challenge, which can be overcome by using laser
ablation-inductively coupled-mass spectrometry (LA-ICP-MS). We present a laser ab-
lation based core-top calibration for Cibicides cf. wuellerstorfi, a C. wuellerstorfi mor-
photype that is abundant in the South Pacific and extend the existing global core-top
calibration for C. mundulus and C. wuellerstorfi to this region. B/Ca in C. cf. wueller-
storfi are linearly correlated with Δ[CO2−3 ] and possibly display a higher sensitivity
to calcite saturation changes than C. wuellerstorfi. Trace element profiles through C.
wuellerstorfi and C. mundulus reveal an intra-shell B/Ca variation of ±36% around the
mean shell value. Mg/Ca and B/Ca display opposite trends along the shell. Both phe-
nomena likely result from ontogenetic effects. Intra-shell variability equals intra-sample
variability, mean sample B/Ca values can thus be reliably calculated from averaged spot
results of single specimen. In the global B/Ca–Δ[CO2−3 ] range, we observe an inverse
relationship between water mass age and Δ[CO2−3 ].
5.2.1. Introduction
Carbon exchange between the ocean and the atmosphere occurs primarily via CO2
gas exchange and is mediated by the biological and solubility pumps. The ocean
is the largest carbon reservoir in this system and changes in its carbon inventory
are thus considered to be potential primary drivers of past glacial to interglacial
atmospheric CO2 fluctuations (Broecker and Peng, 1987). Means to reconstruct
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oceanic inorganic carbon system parameters for the past are essential in order
to better understand the ocean’s role in carbon cycling on glacial to interglacial
timescales. A close link between atmospheric CO2 and Antarctic temperature that
has been observed for the past 800,000 yr (Wolff et al., 2005; Lüthi et al., 2008),
furthermore highlights the significance of Southern Ocean processes in this con-
text (e.g. Sigman and Boyle, 2000; Stephens and Keeling, 2000; Köhler et al., 2005;
Fischer et al., 2010). It has been demonstrated that benthic foraminiferal B/Ca
ratios can be used to reconstruct past seawater carbonate ion concentrations (Yu
and Elderfield, 2007). The calibration is most robust for Cibicides wuellerstorfi
and Cibicides mundulus, two species that are widely used to reconstruct changes
in bottom water chemistry due to their epibenthic habitat (Lutze and Thiel, 1989)
and wide geographic distribution. Yet, recent work on South Pacific samples has
shown that these species are not continuously present in down-core material in
this area, and that Cibicides cf. wuellerstorfi, a C. wuellerstorfi morphotype is
more common than other Cibicides species (personal communication: Hayward,
Ronge). Proxy calibrations are not available for C. cf. wuellerstorfi at this point,
presenting a challenge to reliable down-core reconstructions of past seawater chem-
istry properties in this region. Moreover, samples from the South Pacific often do
not yield enough monospecific Cibicides individuals for conventional wet-chemical
mass spectrometric trace element proxy analyses. We present here, new laser
ablation-inductively coupled plasma-mass spectrometer (LA-ICP-MS) measured
B/Ca core-top data from the South Pacific, that enable us to calibrate the B/Ca
proxy for C. cf. wuellerstorfi, and to extend the existing calibration for C. wueller-
storfi and C. mundulus from Yu and Elderfield (2007) to this region.
Basis of the B/Ca proxy
CO2, when dissolved in water reacts to form (primarily) bicarbonate (HCO−3 ), car-
bonate (CO2−3 ) and hydrogen (H+) ions. The proportion of these species controls
the seawater pH (Fig. 17). Within the observed oceanic pH range, borate B(OH)−4
and boric acid B(OH)3, form the second most important acid base pair contribut-
ing to the seawater pH buffering system (Fig. 17). Next to HCO−3 and CO2−3 ,
foraminifera incorporate B(OH)−4 into their shells during calcification (Hemming
and Hanson, 1992). Based on this, B/Ca ratios as well as the boron isotopic
composition in foraminiferal shells have the potential to serve as proxies for past
ocean carbonate system parameters (Sanyal et al., 1995; Lemarchand et al., 2000;
Henderson, 2002; Pagani et al., 2005; Yu and Elderfield, 2007). Yu and Elder-
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Figure 17: Concentrations of carbonate, borate and water species in seawater versus
pH at average salinity (S= 35 psu) and temperature (T= 20 ◦C). Modified after Emerson
and Hedges (2008).
field (2007) demonstrated a species-specific linear relationship between benthic
foraminiferal B/Ca ratios and the degree of calcite saturation (Δ[CO2−3 ]) in sea-
water, thus providing a powerful tool for past ocean carbonate ion concentration
reconstructions.
Potential complications
Several studies demonstrated pronounced interspecies variability in B/Ca, hence
individual core-top calibrations are necessary (Yu and Elderfield, 2007; Brown
et al., 2011; Rae et al., 2011). It has moreover recently been recognized that
trace element concentrations are offset between different morphotypes of the same
species (Rae et al., 2011). Morphotype-specific calibrations are thus essential,
when working in areas where C. wuellerstorfi and C. mundulus sensu stricto are
not continuously present. Raitzsch et al. (2011) documented a heterogeneous
distribution of Boron in C. wuellerstorfi with increasing B/Ca ratios from the
oldest towards the youngest chambers. Seeing that C. wuellerstorfi is exposed to
relatively constant environmental conditions during its lifetime, intra-shell B/Ca
variability is likely indicative of physiological trends (Raitzsch et al., 2011). In
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order to minimize the influence of possible ontogenetic effects, we have focused
laser ablation spot measurements on the three oldest chambers. In addition, we
analysed intra-shell variability in C. mundulus in comparison to C. wuellerstorfi.
5.2.2. Materials and methods
Samples
This study is based on sediment surface samples, which were recovered with
a multi-corer from the Pacific Sector of the Southern Ocean between 669 and
3938m water depth, during marine expeditions ANT-XXVI/2 and SO213 (Ger-
sonde, 2011; Tiedemann, 2012; Fig. 18; Table 1). Core-top calibrations are pre-
dominantly based on the upper cm of multicorer sediments. Cores where the upper
three cm were sampled, stem from close to New Zealand, a region where rela-
tively high sedimentation rates have been documented (∼6 cm/1000 yr; Pahnke
et al., 2003). To enable comparison of relative offsets between co-occurring C.
wuellerstorfi and C. cf. wuellerstorfi, we analysed down-core material from cores
PS75/100-4 and 103-1 in addition (Fig. 21, Table 1).
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Figure 18: Location of studied core-tops. a) Map view generated with Ocean Data
View (Schlitzer, 2012) b) water column profile at ∼45◦ S with [CO2−3 ] (Key et al., 2004)
and important water masses in the study area. Abbreviations as follows: SAMW=
Subantarctic Mode Water, AAIW= Antarctic Intermediate Water, U/LCDW= Upper
and Lower Circumpolar Deep Water, AABW= Antarctic Bottom Water.
Foraminifer species C. wuellerstorfi, C. cf. wuellerstorfi and C. mundulus were
picked from 19 multicorer samples. Analysed specimen were between 315 and 500
μm in size and did not show signs of alteration or secondary mineral fillings. Both
C. mundulus and C. wuellerstorfi live above the sediment–water interface and we
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assume a similar living environment for C. cf. wuellerstorfi. C. cf. wuellerstorfi
were identified based on the definition of Hayward et al. (2010), who refer to the
genus as C. dispars, which is a summary of variable recent planoconvex Cibicides
morphologies. We use the name C. cf. wuellerstorfi in order to specify the mor-
photype that was chosen for this study, which resembles C. wuellerstorfi. Selected
specimens have a heavily perforated, flat spiral side that is highly similar to C.
wuellerstorfi, hence the nomenclature. The convex umbilical side shows no pores
under the REM, sutures are slightly depressed and curved back towards the acute
periphery (Fig. 19).
a b
Figure 19: Umbilical and spiral view of a) C. cf. wuellerstorfi and b) C. wuellerstorfi
with laser ablation spots on the umbilical side (REM images, scale is given for size
reference).
Analytical techniques
B/Ca ratios were analysed at the Geomar Helmholtz Centre for Ocean Research
Kiel, using a 193 nm Excimer laser ablation system (Coherent, GeoLasPro) cou-
pled to a high resolution-ICP-MS (Nu Instruments, AttoM). For each sample 3–6
shells were used and trace elemental composition was analysed on four spots with
90 μm diameter each, in the three oldest chambers on the umbilical side. The
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NIST 615 standard (Jochum et al., 2011) was measured before and after sets of
five foraminifer shells and used for signal calibration. Given standard deviations
depend on the number of shells in each sample and include measurement uncer-
tainty of the standard. In order to exclude contamination effects, foraminifer shells
as well as the NIST 615 standard were pre-ablated before analysis begun, and sam-
ples with Mn/Ca above 0.2 mmol/mol and Al/Ca higher than 0.4 mmol/mol were
discarded from the dataset.
Core-top calibration with modern hydrography
For the core-top calibration, mean sample B/Ca was calculated from averaged
spot measurements per shell and compared to modern ocean Δ[CO2−3 ] (Table 1).
Modern ocean Δ[CO2−3 ] was calculated with CO2sys (Pierrot and Wallace, 2006).
Required input parameters (TA, DIC, [Si], [P], temperature, salinity and pres-
sure) were taken from ANT-XXVI/2 and SO213 cruise data (Gersonde, 2011;
Tiedemann, 2012) and nearby GLODAP sites (Key et al., 2004). Following this
approach, the carbonate ion concentration in seawater can be reconstructed with:
[CO2−3 ] = Δ[CO2−3 ] + [CO2−3 ]sat.
5.2.3. Results
Relationship between B/Ca and modern oceanographic parameters
Our core-top data cover a range of 669 to 3938m water depth, associated with
a temperature and salinity span of 1.4–6.8 ◦C and 34.29–34.73 psu, respectively.
Plots of foraminiferal B/Ca versus temperature and salinity might indicate a minor
temperature influence in C. wuellerstorfi and C. mundulus, but show no significant
relationship for C. cf. wuellerstorfi (Fig. 20a, b). Seawater Δ[CO2−3 ] and temper-
ature co-vary with water depth in our study area (Fig. 20d), making it impossible
to untangle the individual effect these parameters exert on B/Ca. However, Yu
and Elderfield (2007) demonstrated that the close correlation between B/Ca ra-
tios and the degree of carbonate saturation is globally robust and more significant
than a possible temperature effect. In order to check for the influence of carbon-
ate system components other than Δ[CO2−3 ], we plotted B/Ca as a function of
DIC, a term that contains all three inorganic carbon species abundant in seawater
(DIC= [CO2]aq + [HCO−3 ] + [CO2−3 ], Fig. 20c). We find no significant correlation
between DIC and foraminiferal B/Ca in either of the studied species.
Comparison of B/Ca ratios in C. cf. wuellerstorfi and C. wuellerstorfi
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Figure 20: Foraminiferal B/Ca vs. a) temperature, b) salinity, c) seawater DIC and
d) seawater Δ[CO2−3 ] vs. water depth. Temperature and salinity data from Gersonde
(2011) and Tiedemann (2012); DIC and seawater Δ[CO2−3 ] data from Key et al. (2004).
Comparative B/Ca measurements in co-occuring C. wuellerstorfi and C. cf. wueller-
storfi reveal a non-constant offset that ranges between 1.9 and 71 μmol/mol in our
samples (Fig. 21). Applying the C. wuellerstorfi B/Ca-calibration from Yu and
Elderfield (2007) to both morphotypes, would yield a maximum difference of ∼62
μmol/kg Δ[CO2−3 ] within the same sample. This discrepancy between the two
morphotypes equals almost the entire observed range in the ocean, highlighting
the necessity of an individual B/Ca–Δ[CO2−3 ] calibration for C. cf. wuellerstorfi.
Intra-shell B/Ca variability
In order to estimate intra-shell variability, we measured trace element concentra-
tions at 12 spots that were evenly placed throughout the shells of two randomly
chosen C. wuellerstorfi and C. mundulus specimen (Fig. 22, samples PS75/105-
1_2cm and 101-2_0cm). Trace element profiles in both C. wuellerstorfi and C.
mundulus reveal a variation of up to ±36% around mean shell B/Ca. Analogue
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Figure 21: Paired B/Ca analyses in C. cf. wuellerstorfi and C. wuellerstorfi for six
samples (core-tops: PS75/104-2, 105-1, SO213 68-1, down-core: PS75/100-4, 103-1). 2σ
error bars indicate analytical error (standard deviation of sample and standard).
to Raitzsch et al. (2011), we find increasing B/Ca from the oldest to the youngest
chambers in C. wuellerstorfi, while Mg/Ca initially decreases and then sharply
increases from the third youngest to the penultimate chamber (Fig. 22, bottom).
In C. mundulus, a clear anti-correlation between B/Ca and Mg/Ca can be ob-
served, with the former mainly increasing throughout most of the shell until drop-
ping again in the youngest two chambers, opposing the trend of the latter (Fig. 22,
top). The observed within-shell variability is similar to the within-sample B/Ca
range.
Due to technical problems, we were unfortunately not able to measure trace ele-
ment profiles on C. cf. wuellerstorfi.
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Figure 22: B/Ca and Mg/Ca element profiles through C. mundulus (sample 101-
2_0cm, top) and C. wuellerstorfi (sample 105-1_2cm, bottom); crosses indicate place-
ment of laser ablation spots throughout the shells.
5.2.4. B/Ca–Δ[CO2−3 ] calibration
C. cf. wuellerstorfi
Analysed B/Ca ratios in C. cf. wuellerstorfi range from 126 to 327 μmol/mol
(Table 1). We find that mean sample B/Ca is linearly correlated with the degree of
calcite saturation in modern seawater, despite the observed intra-sample variability
(Fig. 23a). Analogue to C. wuellerstorfi, a linear regression function provides the
best fit, hence the correlation between B/Ca ratios in C. cf. wuellerstorfi and
modern ocean Δ[CO2−3 ] is expressed in:
B/Ca = 2.27(Δ[CO2−3 ]) + 152.5 (R2= 0.76).
The C. cf. wuellerstorfi calibration curve shows a steeper slope than the one for C.
wuellerstorfi (Fig. 23), resulting from a higher B/Ca range in the analysed C. cf.
wuellerstorfi samples compared to C. wuellerstorfi.
C. wuellerstorfi
B/Ca ratios in C. wuellerstorfi vary between 183 and 254 μmol/mol in our samples
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(Table 1). Yu and Elderfield (2007) report a whole ocean B/Ca range of 130–260
μmol/mol for this species. Our data plot within the existing global B/Ca–Δ[CO2−3 ]
array, however a slight regional adaptation for Pacific core-tops appears to be use-
ful (Fig. 23b). Our samples, from the South Pacific show overall higher B/Ca
values and a larger range than C. wuellerstorfi samples from Yu and Elderfield
(2007) from the equatorial Pacific. Hence, we suggest a revised B/Ca–Δ[CO2−3 ]
calibration for the Pacific, based on this study and including the data from Yu
and Elderfield (2007):
B/Ca = 1.39(Δ[CO2−3 ]) + 175.5 (R2= 0.87).
As a result, we obtain a correlation with a slightly more moderate slope that
covers a wider range in Δ[CO2−3 ] than the one based solely on data from Yu and
Elderfield (2007) (Fig. 23b, inset).
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Figure 23: Empirical relationship between foraminiferal B/Ca and the modern degree
of calcite saturation in seawater (Δ[CO2−3 ]) for a) C.cf. wuellerstorfi, b) C. wuellerstorfi
and c) C. mundulus. The inset in b focuses on Pacific Ocean core-tops. Original cali-
brations by Yu and Elderfield (2007) are given to allow comparison to data from this
study.
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C. mundulus
B/Ca ratios in our core-top C. mundulus samples range between 99 and 133
μmol/mol (Table 1). The C. mundulus dataset from Yu and Elderfield (2007),
containing mostly Atlantic Ocean as well as two Indian Ocean samples, covers
a B/Ca range of 120 to 170 μmol/mol. Adding our samples to the Yu and Elder-
field (2007) data, results in a calibration with a slightly higher R2 and a steeper
slope for the regression curve (Fig. 23c):
B/Ca = 0.809(Δ[CO2−3 ]) + 114.5 (R2= 0.79).
5.2.5. Discussion
Inter-species, -morphotype and intra-shell trace element variability
Trace element variability within shells of the same species as well as offsets between
species or morphotypes of the same species have been documented in a number of
studies (e.g. Yu and Elderfield, 2007; Allen et al., 2011, Rae et al., 2011; Raitzsch
et al., 2011; this study). These features appear to be common in benthic as
well as planktic foraminifera, the underlying processes are however not fully con-
strained. Raitzsch et al. (2011) suggested that the inverse distribution of Mg/Ca
and B/Ca throughout C. wuellerstorfi shells, a characteristic that we also observe
in C. mundulus, might result from ontogenetic effects. An in-depth analysis of
possible underlying mechanisms is beyond the scope of this study. We can how-
ever exclude changes in physical or chemical parameters in the ambient seawater
as the cause of intra-shell as well as interspecies B/Ca variability (within the same
sample), based on the similar habitat of C. mundulus, C. wuellerstorfi and pre-
sumably C. cf. wuellerstorfi. Specifically, we can rule out that intra-shell Mg/Ca
variability (Fig. 22) is controlled by fluctuations in the ambient temperature. The
two specimen chosen for trace element profile analyses stem from water depths of
669 and 1773m, respectively. The observed within-shell Mg/Ca fluctuation would
correspond to a temperature change of ∼5 ◦C, which is highly unlikely to occur at
these depths throughout the short lifecycle of Cibicides spp. (∼3 yr; Groß, 1998).
Despite intra-shell trace element variations, we find that averaged laser abla-
tion spot measurements give a reliable mean shell B/Ca, analogue to Raitzsch
et al. (2011).
Rae et al. (2011) present a possible explanation for inter-species differences in
B/Ca. They suggest that during calcification, small quantities of B(OH)−4 are
transported to an internal reservoir together with HCO−3 , and that even small
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changes in this flux can produce significant offsets in foraminiferal B/Ca. Fol-
lowing this, we hypothesize that the offset between C. cf. wuellerstorfi and C.
wuellerstorfi might also result from biomineralization effects. Hence, we suggest
that the steeper slope in C. cf. wuellerstorfi B/Ca vs. Δ[CO2−3 ] when compared
to its morphotype, could indicate a higher sensitivity to calcite saturation changes
in C. cf. wuellerstorfi, making this a species with high potential for past seawater
carbonate ion reconstruction.
The B/Ca–Δ[CO2−3 ] range
In the global B/Ca–Δ[CO2−3 ] range, samples from the Atlantic Ocean and Norwe-
gian Sea tend towards relatively high B/Ca and Δ[CO2−3 ] in C. wuellerstorfi and
C. mundulus, respectively. In contrast, core-tops from Indo-Pacific waters show
overall lower B/Ca corresponding with lower Δ[CO2−3 ] for the most part (Yu and
Elderfield, 2007; this study) (Fig. 23b, c). This might suggest, that high in situ
[CO2−3 ] and Δ[CO2−3 ] are primarily a characteristic of young and thus well venti-
lated waters (as are typically found in the Atlantic Ocean and Norwegian Sea),
while low Δ[CO2−3 ] are associated with more corrosive and less well ventilated
waters (typical for the Indo-Pacific). However, our South Pacific intermediate- to
deep-water transect of C. cf. wuellerstorfi and C. wuellerstorfi core-top samples,
shows a large range in B/Ca values (Fig. 23b), apparently challenging this obser-
vation. Two of our C. wuellerstorfi core-top samples are marked by high B/Ca and
Δ[CO2−3 ] values, that are similar to Norwegian Sea samples from Yu and Elder-
field (2007) (Fig. 23b). The two South Pacific samples were recovered from water
depths of 669 and 835m, within the realm of Subantarctic Mode Water (SAMW)
and Antarctic Intermediate Water (AAIW), respectively. SAMW and AAIW are
both young water masses that are formed at the surface in the Subantarctic and
Polar Front Zone, respectively. Due to their low density, they subduct only to
intermediate depths and spread north- and eastwards in the Pacific. Norwegian
Sea samples in the Yu and Elderfield (2007) dataset, stem from water depths
between 1375 and 3299m, which were flooded by young Norwegian Sea Deep Wa-
ter (NSDW). A comparison of in situ data between NSDW and AAIW/SAMW
(CARINA and GLODAP databases) shows that δ13C and carbonate ion concen-
trations in these water masses are quite similar (∼100–110 μmol/kg and ∼1–1.1
‰; Tanhua et al., 2008; Key et al., 2004). The observed high δ13C values, indica-
tive of well ventilated water masses, support the above mentioned assumption.
In contrast to this, two C. wuellerstorfi samples as well as all of the C. mundulus
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core-top samples from our South Pacific transect display low “Pacific-type” B/Ca
values (Fig. 23b, c). They were recovered from water depths between 1773 and
3410m. Relatively low in situ [CO2−3 ] and δ13C values (∼75 μmol/kg; ∼0.38–
0.6 ‰; Key et al., 2004) are found in this depth range, reflective of less well
ventilated, aged Circumpolar Deep Water (CDW) (Fig. 18).
The large B/Ca–Δ[CO2−3 ] span in C. cf. wuellerstorfi is associated with a depth
range of 669–3938m, and a δ13C decline from ∼1.41 to −0.9‰ (Key et al., 2004),
yet again arguing for a close link between water mass age and Δ[CO2−3 ].
Potential of the laser ablation method in the Southern Ocean
The importance of the Southern Ocean with respect to the carbon cycle is evident
in the past and today. Currently, the Southern Ocean acts as a sink for CO2,
which is transported to intermediate and deep waters and consequently alters the
inorganic carbon chemistry there (Sabine et al., 2004; Sandrini et al., 2007). In
the past, the source-sink behaviour of the Southern Ocean has varied simulta-
neously with glacial to interglacial climate change (Fischer et al., 2010; Sigman
et al., 2010). The majority of paleoceanographic studies linked large parts of the
atmospheric CO2 rise during the last deglaciation to enhanced overturning in the
Southern Ocean, which released CO2 to the atmosphere (Anderson et al., 2009;
Meckler et al., 2013). This should have left an imprint on the carbonate ion con-
centration within the water column of the Southern Ocean, a theory that can
be tested with the B/Ca proxy. However carbonate-rich sediments are scarcely
abundant in the South Pacific, due to the fact that large areas of the ocean floor
lie below the lysocline (4000–4300m; Milliman et al., 1999). In addition to that,
carbonate preservation is generally reduced during Glacials in the Southern Ocean
(Diekmann, 2007). Hence, limited sample availability as well as reduced time res-
olution of sediment records along glacial terminations has hampered downcore
studies in the past. In addition to that, low boron concentrations in foraminifers
(∼10 ppm; Rae et al., 2011) make it impossible to measure B/Ca on samples
with small numbers of specimen from the same species with the conventional wet-
chemical approach, which requires a minimum of 10 individuals per sample.
This study as well as work by Raitzsch et al. (2011) demonstrate that the laser
ablation technique can be successfully used to overcome this problem. With the
new laser ablation core-top B/Ca measurements that we present for C. wueller-
storfi and C. mundulus, we are able to expand the B/Ca–Δ[CO2−3 ] relationship to
the Pacific sector of the Southern Ocean.
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5.2.6. Conclusions
B/Ca ratios display distinct trends in C. wuellerstorfi and C. cf. wuellerstorfi, an
individual core-top calibration for C. cf. wuellerstorfi is thus essential. Our data
suggest a linear correlation between core-top sample B/Ca in C. cf. wuellerstorfi
and the degree of seawater calcite saturation. The observed relationship is robust
for temperature-, Δ[CO2−3 ]- and water depth-ranges of ∼1.5–7 ◦C, 16–67μmol/kg
and 669–3938m, respectively. We are thus confident that this calibration can
be applied successfully to down-core B/Ca studies in the Pacific sector of the
Southern Ocean.
Roughly inverse Mg/Ca and B/Ca trace element profiles in C. wuellerstorfi and
C. mundulus are likely not due to changes in physical and chemical properties in
ambient seawater.
Intra-shell variability equals intra-sample variability, hence mean B/Ca can be
reliably calculated from individual laser ablation spot measurements.
In the global B/Ca–Δ[CO2−3 ] range, high values appear to be associated with well
ventilated water masses, while low values mirror aged, less well ventilated water
masses.
The laser ablation technique provides an opportunity to measure trace element
compositions on samples with little measurable material that could not be analysed
with the conventional wet-chemical approach.
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5.3. Origin and pathways of old carbon during the past
30 kyr–new evidence from the Southern Ocean
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Abstract Current theories attempting to explain glacial to interglacial atmospheric
CO2 fluctuations involve CO2 sequestration in the deep ocean during glacials, and CO2
release during deglacials. The extent and location of the glacial carbon reservoir as
well as the pathway the old carbon followed during deglacial outgassing, are subjects of
ongoing debate. Numerous studies have suggested a close link to carbon cycle variations
in the Southern Ocean. Based on depleted deglacial Δ14C, present in records from the
Pacific, Indian, and Atlantic Oceans, it was furthermore hypothesized that CO2 was
released via Antarctic intermediate waters that are formed in the Southern Ocean and
upwelled in low latitudes. However, intermediate South Pacific locations so far show
no signs of being affected by old carbon during the deglacial. We present here unique
records of [CO2−3 ] and Δ14C from a South Pacific water mass transect covering all the
water masses present in this area. Based on a discussion of our results within the
framework of changing atmospheric CO2, Δ14C and δ13C over the past 30 kyr, we
suggest that significant glacial carbon sequestration occured within Pacific Deep Water
at depths between 2000 and 2500 m, and that the signal of deglacial CO2 rise was
indeed transmitted within Southern Ocean derived intermediate waters, but within a
narrow depth range. This offers a plausible solution for the current conundrum over
why deglacial depleted Δ14C have not been reported from South Pacific intermediate
records.
5.3.1. Introduction
Observations of increasing atmospheric CO2, declining Δ14C (Reimer et al., 2009)
and the initial δ13C drop (Schmitt et al., 2012) during the last Deglaciation, are
generally explained by outgassing of an old carbon reservoir, which is depleted
in both 13C and 14C due to a long residence time in the ocean (Broecker, 1982b;
Broecker and McGee, 2013). However, the extent and location of this glacial car-
bon reservoir as well as the pathway of deglacial CO2 release have remained a
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subject of debate. Numerous studies suggest a close link between Southern Ocean
processes and glacial/interglacial CO2 changes (e.g. Sigman et al., 2000; Köhler
et al., 2005; Clark et al., 2012). Deep water upwelling and intermediate water for-
mation and subduction, presently occurring in the Polar Frontal and Subantarctic
zones (Fig. 24), provide possible routes for carbon transfer between the deep and
intermediate ocean and the atmosphere. In this context, deglacial records of ex-
CO3
2- (μmol/kg)
C
ha
th
am
 R
is
e
SAF
AAIW
UCDW/PDW
LCDW
w
at
er
 d
ep
th
 (
m
)
P15S
STF
PF
SAF
Chatham Rise
ACC
ACCD
W
B
C
DWBC
76
-2
10
4-
1
10
3-
1
10
0-
4
P
15
S8
4-
1
a
b
SO AAIW
SO 
Figure 24: Circulation and carbonate ion concentrations of deep and intermediate
water masses in the Southwest Pacific. The location of studied cores is indicated with
circles. a) Map view of the New Zealand region. Positions of the Subtropical, Sub-
antarctic and Polar Fronts (STF, blue; SAF, yellow and PF, red) are plotted according
to Orsi et al. (1995). The formation region and pathway of Southern Ocean Antarc-
tic Intermediate Water (SO AAIW) are sketched in grey. The pathways of the Deep
Western Boundary Current (DBWC) and the Antarctic Circumpolar Current (ACC)
are indicated in transparent blue. b) Modern carbonate ion concentrations of AAIW,
UCDW/PDW (Upper Circumpolar Deep Water/Pacific Deep Water) and LCDW (Lower
Circumpolar Deep Water) along profile P15S (GLODAP; Key et al., 2004).
tremely depleted Δ14C and δ13C from shallow and intermediate waters in the
Pacific, Atlantic and Indian Oceans (Spero and Lea, 2002; Marchitto et al., 2007;
Stott et al., 2009; Thornalley et al., 2011; Bryan et al., 2010; Romahn et al., 2013)
have been interpreted as evidence for an intermediate water CO2 release pathway,
originating in the South. However, intermediate water Δ14C records from the
Southern Ocean, so far show no signs of pronounced deglacial depletion (De Pol-
Holz et al., 2010; Rose et al., 2010; Burke and Robinson, 2012). In addition, glacial
Δ14C records from the deep Southern Ocean, expected to give an indication about
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the location and extent of the high potential CO2 reservoir are contradictory at
this point (e.g. Sikes et al., 2000; Skinner et al., 2010; Burke and Robinson, 2012).
Seeing that CO2 release must affect the inorganic carbon system in the ocean,
constraints on the carbonate ion history of Southern Ocean waters can provide
new insights on glacial to interglacial carbon cycle dynamics.
We present here foraminiferal B/Ca derived carbonate ion concentrations ([CO2−3 ]),
δ13C and Δ14C values of South Pacific intermediate and deep waters for the past
30 kyr, which allow us to re-evaluate current hypotheses on old carbon pathways
and origins.
Our core sites east of New Zealand, lie close to the region where Circumpolar
Deep Water (CDW) ascends to the ocean surface and Antarctic Intermediate Wa-
ter (AAIW) is formed (Fig. 24 a). Investigated cores were retrieved from a water
mass transect covering depths between 835 and 4339 m, south of the Chatham
rise (Fig. 24b, see Supplement for location coordinates).
Carbonate ion concentrations were reconstructed on cores PS75/104-1, 103-1 and
100-4 stemming from water depths of 835 m, 1390 m, and 2498 m, which lie in the
modern realm of AAIW and upper CDW (UCDW), respectively. [CO2−3 ] recon-
structions are based on laser ablation ICP-MS measured B/Ca ratios in epiben-
thic foraminifer species Cibicides wuellerstorfi and Cibicides cf. wuellerstorfi. We
used morphotype specific linear regression functions provided by Yu and Elder-
field (2007) and Kersten et al. (2013) for C. wuellerstorfi and C. cf. wuellerstorfi,
respectively in order to calculate Δ[CO2−3 ] (degree of carbonate ion saturation)
from B/Ca. Past deep water [CO2−3 ] was then reconstructed, using [CO2−3 ] =
Δ[CO2−3 ] + [CO2−3 ]sat, where [CO2−3 ]sat is the carbonate ion concentration at satu-
ration. Changes in Δ14C were investigated in cores SO213/84-1, PS75/100-4 and
SO213/76-2, covering a water depth range of 972 and 4339 m, today bathed by
AAIW, UCDW and lower CDW (LCDW). Radiocarbon activities were measured
on mixed benthic foraminifera (Cibicides spp. and Uvigerina spp.) and converted
to Δ14C seawater following Adkins and Boyle (1997).
Stable carbon isotopes are reported for all records and were measured on C.
wuellerstorfi, C. cf. wuellerstorfi and C. mundulus.
Chronologies of the studied cores are based on calcium abundances and mixed
benthic oxygen isotopes that were tuned to MD97-2120 (Pahnke and Zahn, 2005).
To allow the unbiased use of Δ14C as a water mass tracer, a 14C independent
stratigraphy was established by tuning benthic δ18O of MD97-2120 to the EDML
δ18O ice-core record for the past 30 kyr, following the approach of Rose et al.
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(2010). (See supplementary material for more information on Stratigraphy and
Methodology.)
5.3.2. Results/Discussion
To assess glacial to interglacial carbon redistribution between the ocean and the
atmosphere, we compare carbonate ion concentrations, δ13C and Δ14C from our
South Pacific intermediate to deep water transect with atmospheric CO2, δ13C
and Δ14C (Fig. 25; Parrenin et al., 2013; Schmitt et al., 2012; Reimer et al.,
2009). Because the extent and depth of major water masses in our study area has
changed between the LGM and the Holocene (e.g. Nelson et al., 1993; Pahnke and
Zahn, 2005), we will discuss our records based on their respective modern water
depths.
Glacial climatic conditions in the Southern Ocean, including lower sea-surface
temperatures, increased sea-ice cover (Gersonde et al., 2005), water column strat-
ification (François et al., 1997) and higher iron dust fluxes (Martinez-Garcia et
al., 2011) amplifying the efficiency of the biological pump north of the Polar Front
(PF) (Martinez-Garcia et al., 2009; Sigman et al., 2010), were favourable to en-
hanced deep water sequestration and CO2 uptake, thus explaining low atmospheric
CO2 during the LGM (Fig. 25a).
Carbonate ion concentrations in cores PS75/100-4 and 103-1 (water depths= 2498
m and 1390 m) display large ranges of 8-62 and 19-25 μmol/kg, respectively dur-
ing the LGM (Fig. 25b). Overall, their [CO2−3 ] are significantly lower than in
the shallowest core PS75/104-1. Towards the end of the Last Glacial, we observe
gradually converging carbonate ion patterns and Δ14C values in our deep and
intermediate records (cores PS75/104-1, 103-1, 100-4, SO213/84-1). The onset
of rapid Antarctic warming between ∼20 and 18 ky (WAIS Divide Project mem-
bers, 2013; EPICA Community Members, 2006), associated with sea-ice retreat,
in conjunction with a breakdown of the deep vertical stratification as reflected in
decreasing intermediate to deep δ13C gradients in the South Atlantic (Hodell et
al., 2003, Ziegler et al., 2013) and intensified Southern Ocean upwelling (inferred
from increased deglacial opal fluxes in the Pacific, Indian and Atlantic sectors of
the Southern Ocean; Chase et al., 2003, Fig. 25e; Anderson et al. 2009, Jaccard et
al., 2013), possibly resulting from a southward shift of the westerly winds (Lamy
et al., 2007), gradually removed the physical boundaries that had been hampering
deep ocean–atmosphere exchange during the last glacial period.
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Figure 25: LGM to Holocene atmospheric and oceanic change, including proxy re-
constructions on our Southwest Pacific water mass transect (cores: PS75/104-1, 103-1,
100-4, SO213/84-1, 76-2). a) Atmospheric CO2 (Parrenin et al., 2013) and δ13C (data
from Schmitt et al., 2012 plotted on the AICC2012 age scale from Veres et al., 2013). b)
Intermediate to deep water [CO2−3 ] changes related to deglacial CO2 release. 2σ error
bars represent analytical uncertainty. c) Intermediate to abyssal δ13C. d) Intermediate
to abyssal water Δ14C, compared with atmospheric Δ14C (Reimer et al., 2009) and e)
South Pacific opal flux record, indicative of upwelling (Chase et al., 2003).
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In line with enhanced Southern Ocean mixing, we argue that our LGM carbon-
ate ion concentration records suggest a stepwise redistribution of carbon between
deep and intermediate water masses, thus representing an additional precursor
to CO2 release. During the last glacial to interglacial transition, carbonate ion
concentrations in core PS75/104-1 diverge from the other two records (Fig. 25b).
Throughout the period of atmospheric CO2 rise, average [CO2−3 ] in core 104-1 are
clearly elevated above glacial and modern values, suggesting a mechanistic link be-
tween these two records. According to the calcite compensation theory, a transient
increase in deep ocean [CO2−3 ] is predicted to result from CO2 loss (e.g. Broecker
and Peng, 1987; Marchitto et al., 2005). Our data suggest instead, that deglacial
CO2 release is primarily mirrored at intermediate depths (particularly at 835 m).
Modern deep to intermediate circulation in the South Pacific is driven by up-
welling of CDW in the Polar Frontal Zone (Fig. 24). After partial re-equilibration
with the atmosphere, these waters feed into subducting Subantarctic Mode Wa-
ter (SAMW) and AAIW. According to Hasson et al. (2012), modern mode water
transport East of New Zealand is maintained in a strong jet between ∼200 and
800 m water depth, supporting a fast northward export of these water masses.
Rapidly rising Δ14C (∼-266 to 165 ‰) in core PS75/100-4, during the Mystery
Interval (MI; Denton et al., 2006), are consistent with drastically improving venti-
lation (Fig. 25 d). In line with the rapid contemporaneous increase in opal fluxes,
indicating enhanced deep water upwelling near the South Pacific PF (Fig. 25 e;
NBP9802-6PC; 61.9◦ S; 170◦ W; 3245 m; Chase et al., 2003), it can be assumed
that a similar to modern South Pacific circulation was re-initiated at this time,
bringing previously isolated deep water masses back into contact with the atmo-
sphere.
Seeing that atmospheric CO2 equilibrates quite fast with surface ocean [CO2−3 ]
(∼1 year; Broecker and Peng, 1974), rising atmospheric CO2 should be reflected
in [CO2−3 ] of waters that derive from the zone of air-sea equilibration, i.e. inter-
mediate and mode waters. Considering moreover, the rapid present export rate
of these waters, we argue that the two initial carbonate ion maxima at 835 m
water depth during the MI represent an immediate result of rising CO2. The
two initial carbonate ion peaks in core PS75/104-1 are coincident with negative
δ13C excursions (Fig. 25b, c). In agreement with our findings, globally distributed
deglacial δ13C minima have been explained in line with upwelled old deep waters in
the Southern Ocean that partly re-equilibrate with the δ13C depleted atmosphere
(Fig. 25 a) and feed into SAMW and AAIW, thus transporting a depleted δ13C
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signal throughout the ocean (Spero and Lea, 2002).
Increasing deglacial carbonate ion concentrations at 1390 and 2498 m water depth
(PS75/103-1, 100-4) are observed at ∼15.5 ky. Around the same time, rising Δ14C
in PS75/100-4 and a δ13C minimum in core 103-1 (Fig. 25d, c) indicate improving
ventilation of deep waters and the influence of old carbon at intermediate depths,
analogous to the process described above. We thus argue that positive deglacial
carbonate ion peaks in these records might be delayed signs of elevated atmo-
spheric CO2.
While CO2 degassing pauses during the Antarctic Cold Reversal (ACR), [CO2−3 ]
in intermediate water fall slightly, perhaps evidence that the system strives to-
wards the original lower steady state value, a process that is interrupted by the
renewed CO2 release during the Younger Dryas (YD), that yet again results in a
transient but this time less pronounced positive peak in intermediate water [CO2−3 ]
(Fig. 25a, b).
On the whole, loss of CO2 from the water column represents a disturbance to
the inorganic carbon system in seawater. Calcite compensation would drive the
system back to its original state within a few thousand years (Broecker and Peng,
1987), thus Glacial and Holocene carbonate ion concentrations are expected to be
roughly similar. Indeed, deep and intermediate water [CO2−3 ]-patterns converge
to reach LGM-like values during the Early Holocene (EH, Fig. 25b).
Atmospheric CO2 concentrations reached nearly stable levels at the end of the
Younger Dryas (YD), yet our deep and intermediate carbonate ion records con-
tinue to exhibit short-lived excursions throughout the Holocene (Fig. 25a, b). On
timescales of less than 1000 yrs, changes in the oceanic inorganic carbon system are
mainly controlled by the solubility and biological pumps, with the latter governing
the consumption and remineralization of organic carbon as well as formation and
dissolution of CaCO3. These processes would thus exert an additional influence
driving short-term variability throughout our records, and could explain Holocene
carbonate ion fluctuations in the absence of CO2 forcing.
In the following, we want to address currently unresolved questions about the lo-
cation of the old carbon pool and the CO2 release pathway, by comparing deep
and intermediate records of carbonate ion saturation (Δ[CO2−3 ]) and water mass
ventilation as indicated by Δ14C values and benthic-atmospheric (B-Atm) venti-
lation ages at key locations (Fig. 26). Between 30 and 10 ky, deep waters from
the North Atlantic (NEAP 8K; 2360 m; Yu and Elderfield, 2008) show the highest
degrees of carbonate ion saturation, while deep waters from the South Atlantic
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(PS1506; 2426 m; Rickaby et al., 2010) are at the lower end of the global Δ[CO2−3 ]
range (Fig. 26a). According to Yu and Elderfield (2008), NEAP 8K consistently
records North Atlantic Deep Water, a well ventilated water mass that is saturated
in [CO2−3 ]. In contrast to this, negative glacial to deglacial Δ[CO2−3 ] in equato-
rial Pacific, South Pacific and South Atlantic records (Yu et al., 2013; this study;
Rickaby et al., 2010) suggest the influence of corrosive waters at various depths.
In the modern overturning circulation, Pacific Deep Water (PDW) is the oldest
and most corrosive water mass, flowing at depths of ∼1 km in the equatorial re-
gion and at ∼2 km close to New Zealand (Yu et al., 2013; Bostock et al., 2013,
Fig. 24b) before being entrained into the ACC and transported throughout the
Southern Ocean. During the Last Glacial, PDW occupied depths around 3 km
in the equatorial Pacific, thus partially influencing the core sites of Yu et al.
(2013). Undersaturated conditions observed in our cores from the South Pacific
may similarly reflect the influence of a deeper and more southward reaching glacial
return flow of PDW. This is supported by extremely depleted LGM Δ14C in core
PS75/100-4, clearly reflecting the influence of an old water mass at 2498 m. A
comparison of Glacial B-Atm ventilation ages of deep Southern Ocean records
(Fig. 26c; PS75/100-4, SO213/76-2, this study; H213, U938, Sikes et al., 2000;
MD07-3067, Skinner et al., 2010), moreover reveals that the oldest Glacial deep
waters were found at depths between 2000 and 2500 m in the Southwest Pacific,
with B-Atm ventilation ages as high as ∼9 ky in core PS75/100-4. Removal from
exchange with the atmosphere leads to gradually increasing ocean-atmosphere
offsets in 14C, and progressive water mass ageing is accompanied by the succes-
sive remineralization of organic matter, which releases CO2 and correspondingly
decreases [CO2−3 ].
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Figure 26: Late Glacial to deglacial changes in carbonate ion saturation and water
mass ventilation at key locations. a) Δ[CO2−3 ] in SW Pacific intermediate and deep
water, compared with records from the equatorial Pacific (Yu et al., 2013), deep North
Atlantic (Yu and Elderfield, 2008) and deep South Atlantic (Rickaby et al., 2010). b)
Δ14C in SW Pacific intermediate to abyssal water, compared with records from the SW
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Based on the combined evidence of Δ[CO2−3 ], Δ14C and B-Atm ventilation ages,
we thus conclude that the glacial old carbon pool was contained within PDW (or
a glacial analogue) and transported throughout the Pacific and Southern Oceans
at depths between 2000 and 3000 meters. Glacial Δ[CO2−3 ] in our South Pacific
record from 1390 m water depth (PS75/103-1), oscillate between ∼38 μmol/kg
and ∼-40 μmol/kg, i.e. roughly the range that is observed between saturated and
undersaturated waters in the glacial ocean (Fig. 26a). Low Δ[CO2−3 ] can be ex-
plained in line with glacial conditions that were favourable to CO2 drawdown and
based on our previous reasoning, we suggest that Δ[CO2−3 ] fluctuations are pri-
marily caused by carbon redistribution and water mass reorganisation.
Intermediate water Δ14C records from the North and South Pacific (MC19/GC31/
PC08; 705 m; Marchitto et al., 2007 and SO213-84-1; 972 m; this study) are
characterised by high, i.e. modern-like values during the Last Glacial and decreas-
ing values during the Deglacial, possibly reflecting similar water mass histories
throughout this time (Fig. 26b). Observations of extremely depleted Δ14C in
MC19/GC31/PC08, during the MI and YD have been interpreted in line with
CO2 release, while contemporaneously decreasing Nd suggest that the signal was
transport via AAIW, and thus originated in the Southern Ocean (Marchitto et al.,
2007; Basak et al., 2010).
We observe significantly depleted Δ14C at 835 m water depth in the South Pacific
between 20 and 17 ky (∼-200 ‰). Following previous arguments, this might reflect
the contemporaneous redistribution of old carbon from deep to intermediate water
masses. Between 20 and 10 ky, Δ14C in our intermediate records (PS75/104-1 and
SO213/84-1) are on the whole more negatively offset from atmospheric Δ14C than
coeval South Pacific records from Rose et al. (2010), De Pol-Holz et al. (2010)
and Burke and Robinson (2012, not shown) (Fig. 25d, 3b).
The region east of New Zealand presently receives Southern Ocean AAIW (SO
AAIW), that originates primarily in the Southwest Pacific (Bostock et al., 2013,
Fig. 24a), and occupies depths between ∼500 m and 1500 m, thus currently
bathing PS75/104-1, 103-1 and SO213/84-1 (this study, Fig. 24b) as well as MD97-
2120 (Rose et al., 2010). Contrasting carbonate ion histories and largely offset
δ13C between PS75/104-1 and 103-1 from water depths of 835 and 1390 m, re-
spectively suggest that the latter core was not influenced by AAIW during glacial
and deglacial times (Fig. 25b, c). This is further substantiated by similar car-
bonate ion histories in cores 103-1 and 100-4 (the latter presently records CDW),
and arguments for salinity-loss induced shallower convection of AAIW at times
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of reduced NADW export during Northern Hemisphere cold intervals, i.e. LGM,
Heinrich Stadial 1 (∼ MI) and YD (Pena et al., 2013).
Considering that Pacific records with depleted deglacial Δ14C stem from depths
between 617 and 835 m (Stott et al., 2009; Marchitto et al., 2007, this study), we
argue that old carbon injection into intermediate waters spread within a rather
narrow and shallow layer, that is simply not captured by the deeper intermediate
records of Rose et al. (2010), De Pol-Holz et al. (2010) and Burke and Robinson
(2012).
5.3.3. Conclusions
Based on observations of Southern Hemisphere glacial to interglacial climate change,
we conclude that the combined evidence from Δ[CO2−3 ], δ13C and Δ14C data can
be interpreted in terms of a glacial buildup of old carbon within PDW, that was
ventilated gradually by increased mixing with less aged intermediate waters at the
LGM, and enhanced upwelling close to the PF during the MI, thus releasing CO2
that was depleted in 13C and 14C.
We furthermore argue that a narrow AAIW layer, subducting close to the up-
welling zone, inherited a signal of CO2 loss (expressed in [CO2−3 ] maxima, and
14C and 13C minima) from Polar Frontal surface waters, which was subsequently
transmitted throughout the Ocean.
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Material and Sample preparation
This study is based on sediment samples, that were recovered from the Pacific
Sector of the Southern Ocean, South of the Chatham Rise, East of New Zealand
during R/V Polarstern ANT-XXVI/2 and Sonne SO213/2 cruises, respectively
(Gersonde, 2011; Tiedemann, 2012). Five cores were selected from a water mass
transect, covering the major water masses present in the region, between 835 and
4339 m water depth (Table 2).
Throughout the last 30 kyr, PS75/100-4 and SO213-84-1 show sedimentation rates
of 6 cm/ky while SO213/76-2 has a rate as high as 22.65 cm/ky. Average sedi-
mentation rates in PS75/103-1 and 104-1 are 5 and 7 cm/ky, respectively.
Cores were sampled in 2 cm intervals and samples were subsequently freeze-dried
for two to three days, depending on their water content. After freeze-drying, sam-
ples were wet sieved through a sieve with a mesh size of 60 μm and dried in an
oven for two days at 50 ◦C. The coarse material was then fractionated (125-250
μm, 250-315 μm, 315-400 μm). Foraminifera were picked from the 250-315 μm
and 315-400 μm size fractions, taking great care to group similar sized individuals
into samples for trace element, stable and radiogenic isotope analysis.
Stratigraphy of the studied cores
Age models for the studied cores are primarily based on calcium abundances, which
were measured via XRF-scanning, enabling the use of 14C as a water mass tracer
and not as a stratigraphic tool (Fig. 27, Table 3). Sediment cores were scanned at
the Alfred-Wegener-Institute using an Avaatech X-ray fluorescence (XRF) Core
Scanner at a step width of 1 cm.
Age models were established using AnalySeries 2.0.4.2 (Paillard et al., 1996). We
chose core MD97-2120 as a tuning target because it is located close to our study
site, South of the Chatham Rise, at 1210 m water depth. In the time interval
between 0–35 ky, the original stratigraphy of MD97-2120 (Pahnke et al., 2003;
Pahnke and Zahn, 2005) is based on nine 14C dates and the Kawakawa tephra.
To generate a 14C–independent age model for MD97-2120 for the past 30 kyr, we
follow the approach of Rose et al. (2010) and correlated planktic δ18O (Pahnke
et al., 2003; monospecific Globigerina bulloides) with the EDML ice-core δ18O
record (Epica Community Members, 2006). We also re-assigned the age of the
Kawakawa tephra to 25,360±160 cal yr BP, based on new data from Vandergoes
et al. (2013).
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Figure 27: Calcium abundance pattern correlation between in MD97-2120 (tuned to
EDML) and our records.
Cores PS75/103-1 (1390 m) and MD97-2120 stem from a similar water depth,
and we thus chose PS75/103-1 as a reference core for our remaining New Zealand
cores. Calcium abundances from this core, were visually correlated with the recali-
brated MD97-2120 calcium record for the last 30 kyr. Following this, the remaining
cores were tuned to core PS75/103-1 and crosschecked with MD97-2120, to ensure
coherency between all records. For core SO213/84-1 benthic oxygen isotopes were
used for the Deglacial and Holocene due to the lack of prominent features in the
calcium abundance pattern during this period. A volcanic ash layer between 502
and 515 cm depth in core SO213/76-2, corresponding to the Kawakawa tephra,
was used as an additional 14C independent stratigraphic tie point. The Kawakawa
thephra was absent in the other studied records.
A comparison of 14C-based and 14C-independent age models is shown in Figure 28.
In both versions, the trends and amplitudes in Δ14C change are similar. However,
if a 14C based age model is applied, the onset of improving ventilation, displayed
by rising Δ14C values in core PS75/100-4 lags the rise in atmospheric CO2 by 1000
to 2000 years, while there is no apparent time lag if the 14C-independent method is
applied. We cannot rule out that the calibrated 14C ages show the correct timing,
however using an independent age model has important advantages as it allows us
to discuss 14C as a water mass tracer and avoids a potential error source, i.e. the
poorly constrained 14C reservoir ages in the Southern Ocean (see below).
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Figure 28: Initial benthic Δ14C values plotted on 14C-independent (in colour) and
14C-based (in grey) age scales, respectively. Atmospheric CO2 is given for comparison
(Parrenin et al., 2013).
Data and paleo-reconstructions
B/Ca-Δ[CO2−3 ]
Epibenthic foraminifer species C. wuellerstorfi and C. cf. wuellerstorfi were picked
from the 315–400 μm size fraction and did not show signs of alteration or secondary
mineral fillings. C. cf. wuellerstorfi were identified based on the definition of Hay-
ward et al. (2010), who refer to the genus as C. dispars, which comprises variable
recent plano-convex Cibicides morphologies. We use the name C. cf. wuellerstorfi
in order to specify the morphotype that was chosen for this study, which resem-
bles C. wuellerstorfi. C. wuellerstorfi occupies an epibenthic to elevated epibenthic
habitat and we assume a similar living environment for C. cf. wuellerstorfi (for
more details see Kersten et al., 2013).
B/Ca measurements
B/Ca ratios were analysed at the Geomar Helmholtz Centre for Ocean Research
Kiel, Germany, using a 193 nm Excimer laser ablation system (Coherent, Geo-
LasPro) coupled to a double-focusing, high-resolution magnetic sector mass spec-
trometer (Nu Instruments, AttoM). For each sample 3–6 shells were used and trace
elemental composition was analysed on four spots with 90 μm diameter each, in
the three oldest chambers on the umbilical side. The NIST 615 standard (Jochum
et al., 2011) was measured before and after sets of five foraminifer shells and used
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for signal calibration. Given standard deviations depend on the number of shells
in each sample and include measurement uncertainty of the standard. In order
to exclude contamination effects, foraminifer shells as well as the NIST 615 stan-
dard were pre-ablated before analysis begun, and samples with Mn/Ca above 0.2
mmol/mol and Al/Ca higher than 0.4 mmol/mol were discarded from the dataset.
B/Ca based down-core Δ[CO2−3 ] reconstruction
Down-core carbonate ion concentration reconstructions are based on mean sample
B/Ca, which were calculated from averaged spot measurements per shell. Compar-
ative B/Ca measurements in co-occuring C. wuellerstorfi and C. cf. wuellerstorfi
revealed a non-uniform offset between the two Cibicides morphotypes (Kersten
et al., 2013). Thus the following morphotype-specific B/Ca-Δ[CO2−3 ] calibrations
were applied (Yu and Elderfield, 2007; Kersten et al., 2013):
C. wuellerstorfi B/Ca = 1.39(Δ[CO2−3 ]) + 175.5 (R2= 0.87)
C. cf. wuellerstorfi B/Ca = 2.27(Δ[CO2−3 ]) + 152.5 (R2= 0.76).
Past carbonate ion concentrations in deep to intermediate water were then derived
from: [CO2−3 ] = Δ[CO2−3 ] + [CO2−3 ]sat. [CO2−3 ]sat, the carbonate ion concentration
at saturation, was calculated with CO2sys (Pierrot and Wallace, 2006). Required
input parameters (TA, DIC, [Si], [P], temperature, salinity and pressure) were
taken from ANT-XXVI/2 and SO213/2 cruise data (Rhee, pers. comm.; Ger-
sonde, 2011; Tiedemann, 2012) and where not available, estimated from nearby
GLODAP sites (Key et al., 2004).
Radiocarbon data
Sampling depths for radiocarbon (14C) measurements were selected based on age-
scaled XRF-records, with the objective to sample the same time intervals in each
core. Benthic samples consisted of a mix of Cibicides spp. and Uvigerina spp.
Corresponding planktic samples consisted monospecifically of G. bulloides. Dis-
colored or broken specimens were excluded.
Measurements on cores PS75/100-4, SO213/84-1 and 76-2 were performed at the
National Ocean Science AMS Facility in Woodshole, USA. 14C analyses on sam-
ples from core PS75/104-1 were carried out at BETA Analytic in Florida, USA.
Reservoir ages in the South Pacific
Several authors used absolute age datings on widespread volcanic tephras present
in the New Zealand region to estimate marine reservoir offsets (e.g. Sikes et al.,
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2000; Lowe et al., 2013). Ages for these tephras are however subject to ongoing re-
visions (e.g. Sikes et al., 2000; Vandergoes et al., 2013) and a final consensus about
local reservoir ages has not been reached. Sikes et al. (2000) estimated LGM and
modern reservoir ages of 1970±390 yr and 560±40 yr, respectively. Lowe et al.
(2013) indicate a much higher reservoir correction of 3280±190 yr for the LGM
resulting from the revised Kawakawa tephra age from Vandergoes et al. (2013).
For the deglacial and Holocene periods, Lowe et al. (2013) suggest a reservoir
correction of 230±290 yr and 390±90 yr, respectively. Pahnke et al. (2005) use
the LGM reservoir age of Sikes et al. (2000) and add 640 yr (sum of local reser-
voir correction= 240±40 yr; Sikes et al., 2000 and global average= 400 yr; Bard,
1988; Hughen et al., 2004) to their planktic 14C ages throughout the Deglacial and
Holocene.
Δ14C and Ventilation Age calculations
Seawater Δ14C values were calculated following Adkins and Boyle (1997). For
the calculation of paleoventilation ages, two different methods were applied. 1)
Apparent ventilation ages that show the difference between benthic 14C ages and
the corresponding atmospheric 14C age (B-Atm ventilation ages; Skinner et al.,
2010) and 2) projection ages, which include benthic and planktic 14C ages. For
the projection method (Adkins and Boyle, 1997) we determined the sample sur-
face ages as described in the section above. We corrected the benthic 14C values
of the AAIW source region for the Holocene to MI with surface reservoir ages
derived from Pahnke and Zahn (2005) while reservoir ages provided by Sikes et al.
(2000) were used for the LGM. UCDW and LCDW 14C ages younger than LGM
age were corrected with the global reservoir age of 400 years using an error of
±200 yr, to account for the factor of water mass mixing (Schröder-Ritzrau et al.,
2003). Reservoir ages of 1150±200 yr were used to correct glacial-age 14C dates
(Sarnthein et al., 2007). Due to a lack of data in the source region of the AABW
we used the reservoir age model of Franke et al. (2008) with an error of ±100 yr
to estimate the corresponding reservoir ages.
As shown in Figure 29, general trends in ventilation ages are the same for both
methods, but the projection method produces higher ages. In this article, we used
B-Atm ventilation ages, seeing that prerequisite assumptions about reservoir ages
and water mass mixing are complicated by the highly dynamic environment of our
study area and will introduce potentially large uncertainties into projection ages.
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Figure 29: Comparison of benthic-atmospheric (B-Atm, colour) and projection venti-
lation (grey) ages, in reference to atmospheric CO2 (Parrenin et al., 2013).
Stable Isotopes
Isotope ratios (reported on the VPDB scale) of δ13C and δ18O were measured on
monospecific samples of C. wuellerstorfi, C. cf. wuellerstorfi and C. mundulus (2–4
individuals). All measurements were conducted at the Alfred-Wegener-Institute,
using a Finnigan MAT 253 with a Kiel IV Carbonate Device and a long-term
precision better than ±0.06 ‰ for δ13C and ±0.08 ‰ for δ18O. We found no sig-
nificant offset between δ18O and δ13C in C. wuellerstorfi and C. cf. wuellerstorfi.
We assume a similar habitat for both of these morphotypes and thus presume that
they are similarly suited as recorders of bottom water δ13C and δ18O. However,
paired measurements were obtained on only six samples, and there are no liter-
ature data available at this point (Bruce Hayward, pers. comm.), necessitating
further research to test our assumption.
Two C. mundulus samples complement the epibenthic stable isotope dataset for
core PS75/100-4. Mackensen and Licari (2004) suggest that δ13C in C.mundulus
are offset from ambient bottom water by -0.6 ‰. Adding 0.6 ‰ to δ13CC. mund
to render them C. wuellerstorfi-equivalent, however yields implausible δ13C values
that are much higher than δ13CC. wuell above and below these samples. We thus
applied no offset to δ13CC. mund.
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Table 3: Age models of the studied records, used in Manuscript III.
Core depth in core (cm) age (ky)
PS75/100-4 2 3.80
10 8.98
28 15.11
48 16.41
73 20.42
91 24.42
104 27.92
PS75/103-1 2 3.80
10 5.29
21 8.98
55 15.03
65 16.39
68 18.89
99 23.91
130 28.06
PS75/104-1 3 3.80
14 5.29
35 8.98
56 13.78
68 15.30
76 16.39
83 19.05
108 22.61
203 29.60
SO213/84-1 6 6.64
19 8.92
20 9.75
28 12.08
31 15.97
42 18.42
71 24.09
125 28.05
143 30.19
SO213/76-2 3 2.38
32 6.24
44 9.00
61 11.55
71 15.04
166 16.52
240 18.44
315 20.02
385 21.20
535 24.09
675 28.52
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6. Synthesis and Outlook
Within the scope of this study, the B/Ca proxy for carbonate system parameter
reconstruction was applied in order to study the connection between deep and
intermediate water carbonate ion concentrations and atmospheric CO2 with a fo-
cus on the last glacial to interglacial transition. While the study area that was
chosen for this project, i.e. the South Pacific Ocean is certainly an area of high
interest for paleoceanographic research, it is so far underrepresented especially in
carbon cycle studies. Even though the B/Ca proxy represents a very promising
advance in the quest to constrain the marine inorganic carbon system for the past,
its applicability in the Southern Ocean has been limited mainly due to often low
carbonate contents in sediments and low shell availability of monospecific epiben-
thic foraminifera.
Rickaby et al. (2010) presented the first foraminiferal B/Ca derived reconstruc-
tion of Southern Ocean carbonate ion concentrations (Figs. 26, 30). Their record
is a composite of C. wuellerstorfi and mixed Cibicides spp. samples, due to the
fact that not all samples yielded enough monospecific specimen for wet-chemical
ICP-MS analysis, which is the established trace element detection procedure and
requires 10–15 Cibicides individuals for B/Ca measurements. A reconstruction
of carbonate ion concentrations from mixed Cibicides samples is however prob-
lematic, seeing that foraminiferal B/Ca ranges are species- and even morphotype-
specific (Yu and Elderfield, 2007; Brown et al., 2011; Rae et al., 2011) and thus
call for individual core-top calibrations of this proxy.
6.1. B/Ca proxy calibration
The South Pacific samples that were investigated here provided challenges that
were similar to the ones faced by (Rickaby et al., 2010). Benthic foraminiferal
assemblages in the studied cores are dominated by infaunal species, which do not
reliably record bottom water chemistry. Epifaunal species C. wuellerstorfi and C.
mundulus, which are included in the global core–top B/Ca calibration from Yu
and Elderfield (2007), were not abundant enough to enable wet-chemical ICP-MS
analysis. Laser ablation–ICP–MS was thus used as the main analytical procedure
in this study, because it allows trace element measurements on small sample sizes.
Indeed, the laser ablation technique shows great potential for application in regions
where sediments contain only small amounts of measurable material, such as the
Southern Ocean or the subarctic North Pacific.
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To enable a continuous reconstruction of past intermediate and deep water car-
bonate ion concentrations in the South Pacific, two steps towards a further devel-
opment of the B/Ca proxy were taken:
• A new core-top calibration for C. cf. wuellerstorfi, a C. wuellerstorfi mor-
photype, that was found to be more abundant than C. wuellerstorfi and C.
mundulus in South Pacific samples was established. B/Ca in C. cf. wueller-
storfi show a sensitivity of 2.27 μmol/mol per μmol/kg Δ[CO2−3 ], which is
even higher than the one observed in C. wuellerstorfi (1.14; Yu and El-
derfield, 2007), making this a species with high potential for carbonate ion
concentration reconstructions.
• The existing core-top calibration for C. wuellerstorfi and C. mundulus from
Yu and Elderfield (2007), which is based primarily on samples from the At-
lantic and contains only a few samples from the Indian Ocean and equatorial
Pacific, was extended to the Southern Ocean.
This was the first B/Ca core-top study carried out in the Southern Ocean and
while it represents an improvement of the existing database, low shell availability
and technical problems have hampered a more extensive study. In this aspect,
further improvement of core-top data coverage in this area of high interest repre-
sents an important target for future research. In addition to that, the present lack
of knowledge about the habitat and isotope fractionation of C. cf. wuellerstorfi
necessitates further studies to explore the use of this species for paleoceanographic
reconstructions of parameters other than B/Ca.
The potential of genotyping in foraminifera for paleoceanographic research has
been documented recently (e.g. Morard et al., 2011; Morard et al., 2013). In
this aspect genetic analyses of the Cibicides species and morphotypes used in this
study would be very useful to determine actual species variability and hopefully
help to resolve some current issues with proxy application on phenotypically sim-
ilar species.
Measurements of trace element distribution carried out in this study revealed
intra-shell variability in B/Ca and Mg/Ca and roughly opposing patterns of these
ratios throughout the shells of C. wuellerstorfi and C. mundulus. These obser-
vation strongly suggest the influence of vital effects which potentially obscure
the environmental parameters that are targeted in proxy analyses, i.e. carbonate
saturation and temperature in the case of B/Ca and Mg/Ca. Similar analyses
on C. cf. wuellerstorfi were prevented by technical difficulties, and should be at-
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tempted in the future.
A better understanding of biomineralization processes, a subject of current re-
search, might help to constrain the influence of vital effects versus environmental
parameters on trace element distributions in foraminifera and thus eliminate a
major uncertainty in proxy application.
Besides the natural variability of B/Ca within foraminifera from the same sample
and even within the same shell, there are other sources of data scatter affecting
proxy calibration, e.g. analytical errors, bioturbation and uncertainties in Δ[CO2−3 ]
seawater estimates. While mean sample B/Ca in this study and in the original
core-top calibration by Yu and Elderfield (2007) was found to reliably and pos-
itively correlate with Δ[CO2−3 ] seawater over a wide range of temperatures and
water depths, seawater [CO2−3 ] estimates from foraminiferal B/Ca are not fully
quantifiable due to the above mentioned uncertainties.
A complete quantification of the oceanic carbonate system for the past is a major
goal of current paleoceanographic research. This is in theory possible when two
parameters of the system are known, and B/Ca derived carbonate ion concen-
trations, and δ11B based pH estimates have been used in combined approaches
(Foster, 2008; Rae et al., 2011) to attain this objective. However, as has been
pointed out by Rae et al. (2011) even small uncertainties in these proxies would
propagate into potentially large errors when combined, due to the close correlation
of pH and CO2 and by extension also [CO2−3 ] in the seawater (see Fig. 2b), thus
hampering a quantification at this point.
This certainly leaves interesting and challenging perspectives for future research.
Culturing studies on foraminifera can for instance provide improved knowledge
about biomineralization processes. This would be especially interesting for the
Cibicides species studied here, which show high potential for carbonate ion recon-
struction. Unfortunately cultivation of deep sea benthic foraminifera is extremely
difficult, and there are no successful attempts reported in the literature to date.
6.2. Glacial to interglacial climate change
Based on the notion that deep ocean calcite compensation has the potential to
drive glacial to interglacial atmospheric CO2 fluctuations (Broecker and Peng,
1987), benthic foraminiferal B/Ca studies have targeted primarily deep water
masses in the past (e.g. Yu and Elderfield, 2008; Rickaby et al., 2010; Raitzsch
et al., 2011).
B/Ca records produced during this study cover a timeframe from the last Glacial
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to the Holocene and provide the first look into the seawater carbonate ion concen-
tration history of intermediate and deep waters in the South Pacific. A deglacial
[CO2−3 ] maximum in intermediate waters that is coeval with the first step of at-
mospheric CO2 rise is one of the most striking findings, and apparently challenges
the calcite compensation theory, which predicts a positive excursion of deep water
[CO2−3 ] to occur during deglacial CO2 release. However the theory also argues that
glacial and interglacial average carbonate ion concentrations should be similar, as
the carbonate system in seawater strives towards a steady state that will be at-
tained after a few 1000 years. Overall similar LGM and Early Holocene carbonate
ion concentrations found in all three cores agree with this, but rapid fluctuations
in [CO2−3 ] which are observed throughout the records possibly indicate that there
is a natural oscillation of the carbonate system between upper and lower bound-
aries of [CO2−3 ].
The proximity of the study location to sites of deep water upwelling and inter-
mediate water formation, and the close connection between atmospheric CO2 and
the marine carbonate system offered a unique opportunity to address questions of
the origin and pathway of the deglacial atmospheric CO2 rise.
A combination of B/Ca derived [CO2−3 ] (own data), 14C and δ13C (own data and
data from T. Ronge), provided evidence of:
• a transmission of the deglacial release of CO2-signal via a narrow and shallow
limb of Southern sourced intermediate water circulation,
• extensive carbon redistribution between Southern Ocean deep and interme-
diate waters prior to CO2 release and,
• the oldest glacial waters at depths of around 2.5 km in the South Pacific.
Records of extreme deglacial Δ14C depletion from the equatorial and northern
Pacific, Arabian Sea and North Atlantic (Stott et al., 2009; Marchitto et al., 2007;
Bryan et al., 2010; Thornalley et al., 2011) have been interpreted as evidence of
a deglacial CO2 release via AAIW. The records discussed in manuscript III, show
depleted Δ14C at 835 m (own data) and 972 m water depth (data from T. Ronge)
between the last Glacial and the Holocene and provide the first evidence of old
carbon at intermediate depths from the Southern Ocean. The absence of depleted
Δ14C in previously published deglacial Southern Ocean intermediate water records
(De Pol-Holz et al., 2010; Rose et al., 2010; Burke and Robinson, 2012) suggests
that the transmission of an “old carbon”–signal is strongly tied to the circulation
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of AAIW, which is quite variable throughout the South Pacific (Bostock et al.,
2013).
Together with δ13C, carbonate ion concentrations of the herein studied records
have been interpreted as water mass tracers indicating a shallower convection of
AAIW throughout the last glacial to interglacial transition. The additional use of
a (quasi-) conservative tracer such as Nd would be very useful to further constrain
water mass histories in the South Pacific.
The Nd isotopic composition of seawater is determined primarily by continental in-
put, and Nd signatures of major water masses reflecting the geology of their source
region are thus very distinct (Goldstein and Hemming, 2003). Seeing that the res-
idence time of neodymium is shorter than the global ocean mixing time of ∼1500
years (Broecker and Peng, 1982a), this signal can be tracked reliably throughout
the ocean. Adding onto the main results of his study, Nd would provide the pos-
sibility to discriminate between the influence of southern sourced versus northern
sourced water masses at the studied core sites and thus allow to further constrain
the extent of old carbon transmitters (assumed to be AAIW) and sources (as-
sumed to be PDW). Nd isotope based reconstructions of past ocean circulation
have been done on benthic foraminifera, fish teeth and ferromanganese nodules
(e.g. Klevenz et al., 2008; Basak et al., 2010; Albarède et al., 1997), and the latter
have been found repeatedly in sediments raised during cruise ANT-XXVI/2, thus
providing suitable target materials for this type of study.
Needless to say, additional B/Ca and Δ14C data in the the studied timeframe
should be obtained seeing that B/Ca data from 835 m water depth currently do
not resolve climate change during the ACR and deglacial Δ14C data from interme-
diate depths are still sparse. This would facilitate comparison with other deglacial
intermediate water records and offer the possibility to draw further inferences on
carbon cycle dynamics throughout the last glacial to interglacial transition.
Looking back deeper in time, records of glacial to interglacial climate change dis-
play a close correlation throughout the past up to 800 kyr (Fig. 30). Atmospheric
CO2 (Lüthi et al., 2008) have fluctuated in tune with Antarctic temperatures
(Jouzel et al., 2007), and increased glacial iron mass accumulation rates reported
from the Subantarctic zone (Martinez-Garcia et al., 2011) have likely triggered
the effectivity of the biological pump, thus increasing CO2 drawdown from the
atmosphere and retention in the deep ocean, which in turn is mirrored in larger
glacial deep to intermediate δ13C gradients in the subantarctic Southern Ocean
(Hodell et al., 2003; Ziegler et al., 2013). These records clearly document a close
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link between Southern Ocean carbon cycle dynamics and glacial/interglacial cli-
mate change. However, while deep South Atlantic B/Ca (Rickaby et al., 2010)
indicate large fluctuations associated with glacial to interglacial transitions, the
record does not allow for an intuitive understanding of trigger and feedback mech-
anisms in carbon cycling between the ocean and the atmosphere. This is a major
target for current and future research, and further development and application of
proxies constraining the oceanic inorganic carbon system can provide vital clues
for a better understanding of the climate system.
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Figure 30: Glacial to interglacial climate change over the past 800 kyr. a) Atmospheric
CO2 (Lüthi et al., 2008), b) Antarctic temperature anomalies with respect to the mean
temperature of the last millennium (Jouzel et al., 2007). c) Iron Mass Accumulation
rates (Fe MAR) at ODP Site 1090 (3702 m), plotted on a logarithmic scale (Martinez-
Garcia et al., 2011). d) Stable carbon isotope gradient between Subantarctic Mode
and Circumpolar Deep Water (SAMW, CDW) from MD02-2588 (2907 m) located in
the Atlantic Subantarctic Southern Ocean (Ziegler et al., 2013). e) Composite B/Ca
from C. wuellerstorfi and mixed Cibicides from the Weddell Sea core PS1506 (2426 m;
Rickaby et al, 2010). Grey bars indicate interglacials.
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6.3. Present and future climate change
While paleoceanographic research can provide vital clues from the past to en-
hance our understanding of the present, the reverse argument is equally true and
observations of present-day climate change and its effect on carbon cycling and
circulation in the Southern Ocean may provide a helpful analogy to better under-
stand past glacial to interglacial climate change.
Rising atmospheric CO2 (Tans and Keeling, 2013) and Southern Ocean warm-
ing (Gille, 2008) are key features of the current climate. Recent observations by
Waugh et al. (2013) illustrate the effect that rising greenhouse gases and tempera-
tures exert on Southern Ocean circulation. Between the late 1990s and mid 2000s,
a southward shift of the SH westerlies resulting in enhanced deep water upwelling
in the Subantarctic Zone and enhanced formation and northward export of mode
waters has been observed. This causal relationship might help to illuminate the
currently debated role of the SH westerlies at the last glacial termination (e.g.
Toggweiler et al., 2006; Anderson et al., 2009; Meckler et al., 2013).
The modern Southern Ocean is characterized as a high surface nutrient and low
chlorophyll region (Holm-Hansen, 1985), and drawdown of CO2 by the biological
pump is accordingly only moderately efficient. Together with rising sea surface
temperatures (Gille, 2008) and enhanced upwelling of carbon rich deep waters,
this minimizes the potential of the Southern Ocean as a long-term sink for an-
thropogenic CO2. The Southern Ocean is still recognized as an important carbon
reservoir, and ∼15 % of anthropogenic CO2 are currently stored here. However
the Southern Ocean’s capacity for carbon uptake has declined during the past
decades (CSIRO Australia, 2007) and observations of rising ocean acidity reveal
that the buffering capacity of the ocean is decreasing as well (Solomon et al., 2007).
Projections of future climate change include variable scenarios and are subject of
ongoing research.
Links between temperatures, atmospheric CO2, and the marine carbon cycle have
been established on long and short timescales, but our view of climate change is
still far from complete. A combined approach of paleoceanographic reconstructions
targeting the carbonate system in seawater and carbon cycle models incorporating
more accurate assessments of carbon system parameters can enhance our concep-
tual understanding of both past and present climate change and possibly allow
more accurate predictions of the future.
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A. Appendix
A.1. Stratigraphy used in Manuscript I, Section 5.1
Age models for the studied (Chatham Rise) cores are based on mixed endobenthic
oxygen isotopes and iron and calcium abundances, which were measured via XRF-
scanning. First, the boundaries for marine isotope stages 1 to 4 were assigned
via visual correlation of XRF-data for core PS75/103-1 with the global LR04
stack (Lisiecki and Raymo, 2005). In a second step, an adaptation to regional
characteristics was attempted by comparison of benthic δ18O and iron and calcium
abundances in cores PS75/103-1 and MD97-2120 (Pahnke and Zahn, 2005). Core
MD97-2120 is located close to our study site, South of the Tasman Rise, at 1210 m
water depth. The stratigraphy of the Pahnke et al. (2005) record was established
with benthic oxygen isotopes, and calendar-calibrated using 11 AMS 14C dates.
In a final step, Fe abundances from core PS75/100-4 were tuned to the calibrated
curve of PS75/103-1, to establish the age model (Fig. 31).
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Figure 31: Benthic oxygen isotope and iron abundance correlation between the studied
records and the reference core MD97-2120 (Pahnke et al., 2005). Fe abundances given as
/Area for cores PS75/103-1 and 100-4 were divided by 50 to allow plotting together with
the MD97-2120 Fe record in cps. The position of 14C samples used in the stratigraphy
of Pahnke et al., (2005) is indicated by red triangles.
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A.2. TOC and CaCO3 analyses and calculation
The ratio of CaCO3 and total organic carbon (TOC) in the sediment, provides a
qualitative signal of changes in marine primary productivity and carbonate preser-
vation.
Prior to analysis, bulk sediment samples were homogenized. The total carbon
content (TC) was measured on a Carbon-Sulphur analyser (CS-125, Leco) while
TOC was measured on decalcified samples, at the Alfred Wegener Institute, Bre-
merhaven, Germany. The CaCO3 concentration of the samples was calculated
with:
CaCO3 = (TC − TOC) × A(CaCO3
C
)
where A= atomic mass (ratio is ∼100/12).
A.3. Sample preparation and analytical procedures for ICP-MS
measurements on Uvigerina spp.
Trace element analyses on Uvigerina spp. were run on a Thermo Finnigan Element
2 ICP-MS at the University of Bremen, Germany. Samples contained between 10
and 12 specimens that were between 250 and 500 μm in size. Prior to analysis
Uvigerina spp. were crushed, cleaned with a procedure based on Barker et al.
(2003) and dissolved in 0.075M HNO3(suprapur).
Paired analyses of Uvigerina spp. with LA-ICP-MS and ICP-MS were planned in
order to check for offsets between both methods, however B/Ca ratios in Uvige-
rina, which are generally much lower than in Cibicides (10–60 μmol/mol compared
to 130–260 μmol/mol; Yu et al., 2007) turned out to be below the detection limit
of the laser ablation method.
Data produced during the procedures described in A.2 and A.3 were not used for
publication but are included in PANGAEA data files.
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A.4. Stable isotope offset corrections
In order to produce composite stable isotope records, the following corrections
have been applied:
Paired downcore analyses of U. peregrina and Trifarina spp. in cores PS75/103-1
and PS75/104-1 reveal small and relatively stable offsets in both δ18O and δ13C
of 0.49 ‰ (n= 36) and 0.2 ‰ (n= 37), respectively. Trifarina spp. were rendered
Uvigerina-equivalent by substracting these values.
Pahnke and Zahn (2005) as well as McCave et al. (2008), report significant glacial
to interglacial variation in stable carbon isotope offsets between endo- and epiben-
thic species at two sites close to New Zealand. However, LGM and Holocene δ13C
gradients between co-occuring U. peregrina and C. wuellerstorfi in the herein
studied samples are close in range, averaging -0.84 ‰ (n= 43) and -1.06 ‰ (n=
48), respectively. Seeing that there is no relationship between water depth and
Δδ13CUvi−Cib in the analysed samples, a correction factor of 0.95 ‰ (average of
Holocene and LGM Δδ13CUvi−Cib) was applied to calculate δ13CCib−equivalent from
δ13CUvi.
Stable oxygen isotopes in Cib. spp and U. peregrina show a very high correlation
in all records and feature an offset of 0.48 ‰, hence the generally accepted offset
of 0.64 ‰ (Shackleton and Opdyke, 1973; Duplessy et al., 1988) was not added
to δ18OCib-values.
A.5. Calculation of opal fluxes
The Opal fluxes plotted in Fig. 25e (Manuscript III) were calculated for core
NBP9802-6PC1 (61.88◦ S, 169.98◦ W, 3245 m) from data provided by Chase et
al. (2003) in the following way:
Fs =
[
Cs
230
xs Th0
]
× PTh
Fs = vertical opal flux in g/cm2*ky
Cs = measured down-core profile of weight fraction of opal in %
230
xs Th0 = measured down-core profile of 230Th excess
PTh = 230Th production rate
= 2.63*10−5 dpm/cm3*ky×water depth in cm= 0.0853435
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A.6. Data handling
The complete dataset produced during this PhD study will be made available on
PANGAEA (http://www.pangaea.de/).
